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Abstract

Compression Ignition (Cl) engines offer comparatively higher thermal efficiency.
However, risingconcerns over the increase in harmful emissions generated by CI engines such as
nitrogen oxides (N¢Q and particulate matter (PM) need to be addressed. Low temperature
combustion through Partially Premixed Charged Compression Ignition (PPCI) is a promising
solution proven to alleviate the N®M tradeoff. Therefore, PPCI combustion using tilbra
sulfur diesel (ULSD) was attempted in previous work. With the motivation to further reduce
emissions, biodiesel (BD) which has been reported to generate lesspiat® combustion
products and harmful emissions compared to ULSD was utilized. In addition, renewable sources
can be utilized to synthesize BD; thus, reducing the dependence on fossil fuels. Therefore,
experimental studies were performed to compare tmebaetion performance and emission
characteristics of BD and ULSD while operating in the PPCI mode. Initially, Fuel Injection Timing
(FIT) variation strategy was utilized to achieve PPCI; however, there was limited success in
alleviating the N@-PM tradeoffwith BD. The high compression ratio of the test engine was a
limiting factor in achieving PPCI due to its influence on the Ignition Delay (ID) period.
Subsequently, Exhaust Gas Recirculation (EGR) in conjunction with FIT advancement was used
to achieve P@I. Simultaneous reduction of N@nd PM was achieved by utilizing high rates of
EGR at intermittent FITs for both BD and ULSD. Importantly, the incomplete combustion
products and N@emissions were lower for BD at all FIT and EGR settings compared to ULSD
Additionally, the Negative Temperature Coefficient (NTC) behavior of ULSD and BD was
captured during the experiments where the ID marginally declined with increastygnitier
temperature. Following this, a zedimensional combustion model simulat@gcombustion was

developed using engine geometry and fundamental conservation laws. Corresponding detailed



reaction mechanisms of methyl decanoate and ULSD surrogates were incorporated to represent
BD and ULSD combustion kinetics respectively. The requislicted peak htylinder pressure

and temperature data reasonably for the conventional and 15.0° injection events. Moreover, the ID
trends were in reasonable agreement with experimental data at all FIT settings for both reaction
mechanisms. However, tipeedicted ID results did not provide sufficient information to state that

NTC behavior was captured by the model.
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Chapter 1: Introduction and Literature Review

1.1 Background

Compression Ignition (CI) engines offer better combustion and thermal efficiencies compared to
Spark Ignition (SI) engine$1]. Utilizing a higher Compression Ratio (CR)daonjunction with

Direct Injection (DI) of fuel under lean diuel mixture conditions results in elevated combustion
temperatures and pressures. Additionally, the rate of change of the combustion temperature and
pressure is rapid. As a result, nearly ¢ansvolume combustion is achieved. Hence, performance
parameters (e.g., combustion efficiency and Brake Specific Fuel Consumption (BSFC)) are
generally superior for Cl engines compared to Sl engines. Moreover, employing kael air
mixtures results inelatively fewer remnants of incomplete combustion products, such as carbon
monoxide (CO) and total hydrocarbons (THCSs).

However, Cl engines generate harmful emissions such as nitrogen oxidgsa(d(articulate
matter (PM). Typically, both nitric oxideNQ) and nitrogen dioxide (N are presented together

as NQ emissions in the literature. In general, four formation methods have been identified (and
accepted) based on its reaction pathy2dythermal NQ, prompt NQ, nitrous oxide (MO), and
fuel-bound nitrogen (B) mechanisms. These reaction pathways are consistent for both Ultra Low
Sulfur Diesel (ULSD) andliodiesel BD) used as fuel in Cl engines. The thermald@chanism
involves a series of elementary reactions where thadlecule is broken into its atoms to further

the reaction. Since the activation energy required to break the statripl&lbond is relatively

high, the thermal mechanism is prominent only at heghperatures. Typically, conventional Cl
combustion provides sufficient energy and temperature to accomplish this bond disintegration.

Therefore, the thermal N@nechanism plays a major role in the formation ofi@issions. This



mechanism as proposed bgldovich includes the following reactions with Equatjdnbeing the

rate limiting sted3]:

/. P . 1)
I (P .1 | )
/P ©)

The atomic oxygei(O) reacts with the Bimolecule to produce NO and atomig. N'hisO (also
called a radical) can originate from the oxygen) (i@ the air or the fuel. SpecificallygD fuels
comprise about 11% by weight; hence, contributing to the forward reaction of Equdtipn
Conversely, the Nmolecule must originate from the atmospheric air as both ULSIBBridels
typically do not contain Bl Moving forward, once atomic Ns formed it rapidly oxidizes to NO

through hydroxyl (OH) radicals ancO

In comparison, the prompt NO mechanism involves the methylidyne radical (CH) reacting with
N2 in the air to form hydrocyanic acid (HCN) as shown in Equat®nAdditionally, the CH
radical and Mcould react to yield cyanonitrene (NCN) according to EqugBpf#]. Importantly,
the CH radicals are predominantly formed at the flame front. Moreover, the magnitudes of HCN
and NCN formed during the combustion of lean mixtures are negligible (<1[ppriherefore,
the NO mechanism following HCN and/or NCN pathway is deemed to be relevant only during the

combustion of rich mixturefgl].

#( . P (#.. (4)
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Alternatively, NO could be generated through the recombination of atmosphesithNatomic
O2 (Equation(6)) followed by the oxidation of pO with atomic hydrogen (Equati¢#)) or atomic
Oz (Equation(8)). The formed NH radicals then react with OH and®form NO. On the other

hand, the NH radicals can react with NO to foren(Equation(9)) or NoO (Equation(10)). As a



result, the NO formation reactions compete with theahld NO producimg reactions. In recent
times, this NO mechanism has also been categorized as a thermalmg€hanism[6]. In
particular, the MO mechanism is important while operating at high pressures and intermediate
temperatures. Therefore, theQimechanism could be a major contributor in the context of Low

Temperature Combustion (LTC) processes (to be discussed).

T N (6)
I (P 1. @
A I 8)
( . /P I ( )
( 1P .1 (10)

Finally, fuetbound N mechanisms are possible; however, they are generally considered to play a
minor role in the combustion of ULSD aB® [7]. In particularBDs are longchain methyl esters

and mostly nitrogedffree, and petroleum ULSDs are hydrocarbon chains; therefore, the possibility
of NO formation through this mechanism is negligible. Asesult, this mechanism becomes
comparatively more important when considering fuels such as HCN, ammonia, and so on. It is
important to note that since about 90% of the exhaustdd@stitutes NONLO% NQ), most of

the reaction mechanisms discussed pooug mostly on NO emissions.

On a macro scale, Dickey et al. emphasized that the temperature difference between the local
combustion region and the bulk gasses can lead toeN{Bsiond8]. Conventional combustion
promotes this behavior as the combustion propagation is heterogeneous. In @tier tihe
equivalence ratio of the aiuel pockets that engulf the combustion chamber varies significantly.
Therefore, combustion initiates in regions where théual mixture favors ignition, and gradually
progresses to other regions over time. Heeteyating the temperature difference between the
core combustion region and the bulk gasses. This promotg&NiSsions. Thus, to reduce NO

emissions, there is a need to lower this temperature difference. Instantaneous ignition of all the

3



fuel in the corbustion chamber assists in alleviating this critical disadvantage. Here, a
homogeneous afuel mixture will help achieve this outcome. Furthermore, if the overall
combustion temperature achieved during combustion is relatively low, comparatively leiss NO
formed. As a result, the moniker LTC is given to the combustion of a (nearly) homogeneous
mixture under relatively lean (i.e., low temperature) conditions, and it has the potential to beat the

NOx-PM tradeoff as explained in the following section.

With respect to products of incomplete combustion, PM emissions include carbon particles emitted
during CI combustion of diesel and dieske fuels. In DI Cl engines, the effectiveness with which

the injected fuel droplets atomize and evaporate depends eralkengine parameters including,

but not limited to injection pressure, air to fuel ratio, CR, and method of engine aspiration. In cases
where the combustion chamber fails to provide optimum conditions for efficient atomization of
the fuel (i.e., a strdted or heterogeneous composition), PM emissions are formed due to
incomplete combustiof®]. Generally, these emitted particles undergo fuel pgrsjynucleation,
growth by condensation and adsorption, agglomeration, and oxidgt@jn Broadly, PM
emissions are categorized as soot and soluble orffactions[11]. Soot emissions contain a
carbon core, and they cannot be dissolysidg organic solutions. Alternatively, soluble organic
fractions are formed due to unburned fuel, lubricating oil, and their thermally synthesized
components that adsorb on the carbon core of emissions formed. Additionally, these fractions can
be dissoled using specific organic compounds. On the other hand, fuel pyrolysis reactions lead to
soot precursors, and the rates of these reactions are tempdegganelenfl12]. Also, nucleation
includes the addition of (mostly) small aliphatic hydrocarbons to larger aromatic molecules.

Finally, particle growth occurs due to the condensation of gaseous vapors reaching their saturation



pressure on the soot particles. Alternatively, the gaseous profieormbustion could adsorb onto

these particles due to chemical and/or physical fdacs

Overall, by understanding PM particle number, size, and composition, two basic categories/modes
of PM are defined: (a) nucleation mode and (b) accumulation fi6dlein the nucleation mode,

the particles primarily consist of volatile organic compounds and sulfur compounds along with
solid carbon and metallic ash. The patrticle size in this mode isatiypiess than 50 nm. On the

other hand, particle sizes in the accumulation mode range between 50 and 1000 nm and are mostly
carbonaceous soot agglomerates. Most of the PM emissions generated in Cl engines come via the
accumulation mode. Finally, CO and TH:missions are formed due to the incomplete combustion

of carbonbased fuels and largely follow the generation of PM emisqibndmportantly, all

factors that restrica homogeneous aiuel mixture formation lead to an inferior combustion

efficiency which negatively affects CO and THC emissions.

1.2NOx versus PM Tradeoff

NOx emissions are known to cause asthma and impair lung function while contributing to the
destruction of ozone and eutrophicat[@d, 15] In addition, exposure to PM emissions has been
associated with subclinical cardiovascular issues in healthy populations thapatauitially lead

to acute health effectd6]. Moreover, CO emissions are toxic and lead to poisoning while
promoting global warming and the generationtropospheric ozongl7]. Additionally, some
polycyclic aromatic hydrocarbons are reported to cause c@t®grTherefore, Cl engines are
subject to stringent emission regulations that are expected to become sterner in the future.
Fortunately, utilizing a high CR in conjunction with a common rail fuel injection system assists in

mitigating CO and THC emissions. tAtnatively, based on their formation mechanisms, high



temperature combustion of lean mixtures leads tq &fiissions; whereas, combustion of rich
mixtures at lower temperatures cause PM emissions. ThusaNPM emissions form a tradeoff
in directinjected CI engines, and it is a significant challenge to simultaneously mitigatamdO

PM following conventional methods.

To understand the influence of equivalence ratio, and the operating temperature and pressure on
the NQ-PM tradeoff, Kamimoto et al.onducted a series of experiments i@@nstant Volume
Combustiorivessel (CVCV)using propane as the fyé&R]. Trials were conducted by varying the
pressure of the vessel along with the equivalence ratio of the propane and air mixduosvéeid
equivalence ratio considered during the various trials conducted was 1.0. The resulting soot
volume fraction was measured using the laser extinction technique with a inelamiaser at a
wavelength of 632.8 nm. With respect to combustion prigserincreasing the equivalence ratio
resulted in higher combustion temperatures for a fixed initial pressure. Their study indicated that
the trend of soot formation largely followed the combustion temperature. Initially, the temperature
increased rapidlypetween the Start of Combustion (SOC) and the end of fuel injection due to
ignition. The concentration of soot formation was maximum at the peak temperature point.
Subsequently, the soot concentration gradually declined as the temperature tapered elue to th
conclusion of oxidation. In addition, the rising temperature at a set pressure diminished soot
formation significantly. Alternatively, for a fixed temperature, increasing the pressure resulted in
higher soot. As seen frofigurel, fAsooting | imitso were computec
yields (abbreviated ass@ Figurel) along with constant temperature, pressure, and equivalence
ratio lines until the value of &pproached zero. Overall, soot was reported to decrease with rising

temperatures, declining pressure, and as the equivalencep@ti@aehes 1.
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Figure 1: (A) Soot yield (G) as a function of equivalence ratio, pressure, and temperature,
and (B) equivalence ratio vs. temperature representing the concept of simultaneous

reduction of soot and NO[19].

Moving forward, an aufuel mixture with a relatively poohomogeneity was reported to have
higher soot and lower NO concentrations. This was attributed to relatively lower combustion
temperatures attained due to a poor mixture formation. Furthermore, the opposite effect was
observed for homogeneous mixtures Wi concentrations rising with growing combustion
temperatures. Therefore, irrespective of the operating equivalence ratio and/or pressure, elevated
temperatures lead to greater NO emissions and lower soot emissions. Alternatively, reduced

temperatures yidimore soot and less NO emissions; hence, forming a tradeoff.

To simultaneously suppress both NO and soot emissions, it is important to understand the
equivalence ratio versus temperature map showrigare 1(B). Here, point A denotes an

imaginary point where the equivalence ratio and temperature are the largest during combustion. It
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would be desirable to move towards point B since point A is close wotht formation region. In

order to achieve this, the authargggesthe following:

1. CR: operating with an elevated CR generates a higher combustion temperature. However, the
authors emphasized that the resulting higher cylinder pressure would leadgtofieast
expansion of the soot formation region which is not desirable.

2. Heat transfer: by reducing the amount of heat transfer losses, it is possible to increase the
combustion temperature.

3. lIgnition delay: reducing the ignition delay would shift pofntowards point C. Importantly,
reducing the ignition delay impairs the quality of thefagl mixture before SOC resulting in
lower combustion temperatures. This would push combustion further into the soot formation
region. Therefore, increasing the iigon delay would have the opposite effect; hence, aiding

in moving point A towards B.

Similar to CVCV, conventional DI CI engines are affected by the,® tradeoff. Here,
complete oxidation of the fuel at relatively elevated temperatures resultsan Rdwemissions.
However, this scenario is ideal for the formation of\ N shown by the local equivalence ratio

(F) vs. temperature mapigure2). Conversely, the combustion of rich mixtures at a comparatively
lower combustion temperature diminishes Ngnissions. This results in higher PM emissions;
thus, creating a tradeoff. The soot formation region in Cl engines is relatively larger due to its use
of elevated pressures. Furthermore, conventional combustion overlaps betlandGsoot

formation regions. Hence, it is challenging to reduce Bi@ PM simultaneously.

Therefore, it is important to explore solutions that can mitigate & PM emissions with

minimal negative effects on combustion performance. Aftertreatment devices, alternative



combustion processes, and/or alternative fuels could aid in solving this tradeoff. Firstly, after
treatment devices such as diesel particuldtersi to trap PM, and selective catalytic reduction
systems to treat N@missions have developed significantly in the last two de¢a@gsHiowever,

these systems have considerable added cost and design challenges. Retthraingriolusions

of Kamimoto et al., the authors suggested operating at a lower CR to reduce the soot formation
region [19]. However, this negatively impacts performance capabilities. Following the second
suggestion, a significant redudatioin the quantity of combustion heat transfer to the
ambient/cooling system could potentially seize the engine due to the thermal expansion of the
piston. In comparison, increasing the ignition delay by changing the Fuel Injection Timing (FIT)
and/or by umg an Exhaust Gas Recirculation (EGR) strategy can move the combustion process
towards reduced soot and NO formation regions. Moreover, implementing either (or both) of these

methods is relatively straightforward.

In this avenue, as mentioned earlier.Mas the potential to beat the NPM tradeoff[8]. The
relatively lower combustion temperatures obtained in LTC restrict thefdt@ation through the
thermal NQ mechanism. Additionally, the extent of PM formation is lowered since tHeelir
mixture is relatively lean and homogeneous. Fipalking alternative fuels such BB can assist

in beating the NQPM tradeoff by introducing a fuel with addéd content; hence, promoting a
more homogeneous mixture with less faeh pockets. In addition, utilizinddD assists in
alleviating the depeatence on fossil fuels. Moreover, life cycle analysis studies show that the
amount of greenhouse gas emissions emitted by ULSD is significantly higheBBhgi-26].
Before discussing the combustion properties of ULSDBIDdperating in the LTC mode, it is
important to describe the critical combustion characteristic differences beBieamnd ULSD in

the conventional regime
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Figure 2: Plot of local equivalence ratio vs. flame temperature with different LTC

methodologieq27].
1.3 Differences in Conventional Combustion Characteristics oBD and ULSD

Prior research shows that the physical and chemical propertd3 béar a significant influence

on CI combustion performance and emissions character{@&&;s28, 29. In particular, the
deviation ofBD properties from ULSD in parameters such as fuel viscosity, density, molecular
structure, CetanBlumber (CN), and energy content impact the combustion pr¢22s2830].

Here, their influence on combustion parameigcategorized and explained briefly:

1. Fuel viscosity and density: In general, the viscosity of vegetable oils are found to be about 10
20 times greatethan diesel fuel31, 32] After the conversion of these oils through
transesterification, the viscosity BD is around two times greater than conventional diesel
fuel [31]. The reason foits comparatively high viscosity is dueBb6é s el ongat ed
carbon chain length and a greater number of double H8B8{isThe higher viscosity d8D

hinders the fuel brealsp and atomization process as the fuel droplets are relatively [adger
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This decreases ¢hflame propagation speed leading to an increase in the combustion duration
[35]. Furthermore, this effect is augmented if injection parameters aremoalized. Hence,

the lower fuel penetration and larger fuel droplet size lead to an increase in the physical delay
period. Besides, the reduction in fuel penetration causes the fuel injected to concentrate instead
of uniformly dispersing across the comtias chamber, which is ideally desired. Typically,
while employing a commonail fuel injection system, the fuel injection pressure is increased
marginally to compensate for this extended physical delay pg®&dThis augmentation of

fuel injection pressure reduces the fuel droplet size and improves thisfueision as the fuel
penetration is higher. Here, this drawback of poor atomization folBizsmis one reason for
utilizing BD-ULSD blendqd22]. In addition, the higher density of tB® fuel causes an earlier
injection (than intended) due to its relatively greater bulk modulus of compressibility.
However this effect is negligible when a commaail fuel injection system is employ¢2P].

. Molecular structureBD fuels are comparatively unsaturated due to the existence of a relatively
larger number of double and triple borj@8]. The degree of unsaturation®b varies based

on the feedstock utilized. A comprehensive study by Benjumea et al. descrid@®shaith

a higher degree of unsaturation have a longer ignition delay as tigg esxguired to break the
double bonds is relatively larger; hence, delaying the $88]. Likewise, their study
concludes thathe Rate of Heat Release (ROHR), combustion temperature, and the magnitude
of premixed combustion increases with the degree of unsaturation. Additionally, as the energy
released through the dissociation of stable double bonds is comparatively moreakhe pe
combustion temperature and ROHR were reported to increase with the degree of unsaturation
[36]. Another important differencie the chemical composition &D and ULSD is the @

content. SpecificallyBDs comprise about 11%,@y weight contrasted to approximately 0%
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O2 in ULSD. This excess fassists with the oxidation of the fuel, and results in higher
adiabatic flame temperature. However, the presenceloi@rs the energy content of the fuel
causing an increase in fuel consumption by about 12% as compared to ULSD to meet a demand
engine bad[28, 3641].

3. CN: The CN ofBDs relies significantly on the structure of the fatty acid methyl esters of the
feedstock from which the fuel is synthesiféd]. BDs inherently have a higher CN compared
to ULSD that can potentially outweigh the earlier mentioned factors (i.e., viscosity and degree
of unsaturation) on SOC. Here, a higher CN ensures a shorter ignition delay during the CI
combustion oBD [43]. Additionally, BDs with longer chain structures have been reported to
have higher CNs as compared to relatively unsaturated structures with a larger number of

double bonds (shorter chajrjd3].

Regarding emissions froBD combustion, THC, CO, and PM emissions are generally lower due
to enhanced oxidation and greater adiabatic flame temperf2re36, 41, 44, 45Alternatively,
NOx emissions have been generally reported to be higher due to the following [@ds@ts 41,

44, 45]

1. Fuel structureBD fuel comprises a higher number of double bonds of carbon (degree of
unsaturation) compared to ULSD. Since the breaking of double bonds releases more energy
(compared to carbehydrogenbonds), the rapid waylinder temperature and pressure growth
can result in higher NGemissiong28]. Also, the excess availability oh@nhances the extent
of fuel oxidation leading to elevated combustion temperatures; hence, an additional thermal
NOx generation.

2. CN: The larger CN ofBD advances the SOC resulting in relatively highecyhnder
temperatures leading to an enhanced thermal flihation kinetic procesfd]. However, it
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has been demonated that normalizing the peak combustion pressure timirgDofvith

ULSD removes the combustion timing effect, andx@issions can decregd§9].

. Energy content: Since the energy conter@Dfis lower in comparison to ULSDnore fuel is
necessary to meet a required load condifi@j. This higher fuel quantity injected coupled
with excess @ availability can increase NOemissions due to elewt combustion
temperatures.

. Fuel viscosity: As described earlier, the combustion duratioBDpis longer compared to
conventionaBD due to its higher viscosity. This provides more time for unburned fuel (HC)
to adsorb to the PM formed. However, Qu etratheir work state that the PM formed in the
exhaust stream has a relatively low ignition temperd@B6g This is due to the presence of
volatile oganic fractions iBD emissions (PM in particular) compared to conventional ULSD.
These fractions in the PM reduce the activation energy enabling oxidation of PM at lower
temperatures. This is an inherent advantadgoéliminating PM as compared to ULSihen

a diesel particulate filter is enabled. Additionally, the average size of ABDiexhaust is
comparatively smaller enhancing the surface area of contact with the diesel particulate filter

promoting oxidation.

1.4LTC

In general, an engine is sam ke in LTC mode if it is operating in a regime that is significantly

shifted from conventional combustion such that@d PM can be lowered simultaneoudy

47, 48] In LTC, following an extended ignition delay, a lean mixttliat is homogenously

distributed in the combustion chamber ignites simultaneously resulting in relatively lower

temperatures. The use of an EGR system, where a portion of the exhaust gas is recirculated into

the engine intake, assists in increasing thatimn delay[1]. Employing EGR elevates the
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chemical delay period before SOC as a part of than@e fresh charge is displaced by exhaust
gasses. This additional timelps the air and fuel to atomize and form a relatively homogenous
mixture. It is important to note that in DI CI engines, the-aiel mixture is stratified irrespective

of the ignition delay periad\Nevertheless, any extension in the ignition delay pennuioves the
homogeneity of the mixture compared to a conventional combustion mixture. The instantaneous
combustion of this relatively homogeneous mixture reduces the temperature difference between
the core combustion and bulk gasses. Furthermore, IBgBrmolecules act as heat sinks (e.g.,
carbon dioxidgCO) and waterand lower the overall combustion temperature. Additionally, as
seen irFigure2, the temperature window in which soot emissions are formed is relatively low and
the amount of soot formed at low equivalence ratios is negligible. Therefore, by operating
significantly lean and controlling the combustion temperature to be below approxi22dél K,

it is possible to defeat the N®M tradeoff. In addition to utilizing EGR, alternative strategies
such as varying the FIT and injection pressure while lowering the CR are used to extend the

ignition delay.

Since there are several LTC variankss tsection briefly introduces the important methodologies.

In addition, this chapter aims to review the existing technology related to achieving LTC in CI
engines usingBD and ULSD as the fuel. Additionally, specific emphasis has been provided
towards undrstanding the influence of fuel properties, such as viscosity, density, and CN on
combustion performance and emission parameters. Likewise, the effect of various methods used
to achieve LTC (e.g., FIT variations and EGR) are categorized to uniquelyiydbetcause and

effect relationship. Finally, a brief conclusion is presented highlighting the advantages and
disadvantages of various physical and operational parameters along with fuels on beating the NO

PM tradeoff.
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1.4.1Categories of LTC

In generf LTC can be divided into Homogeneous Charge Compression Ignition (HCCI),
Reactivity Controlled Compression Ignition (RCCI), and Partially Premixed Charge Compression

Ignition (PPCI) based on the method of fuel injection and/or fuel blends utilized

1. HCCI: In general,Port Fuel Injection (PFI), early injection, and MulRoint Fuel Injection
(MPFI) in conjunction with EGR are utilized to achieve HGgl 19, 4853]. The aim is to
attain a lean and homogeneousfa@l mixture that ignites instantaneously at several locations
unlike conventional Cl combustion (i.e., via a locally rich flame frqag]. HCCI is a
combination of Sl comustion where the mixture is homogeneous before SOC and CI
combustion where the charge depends on compression for ignition. Therefore, SOC is mostly
controlled by the compression event and combustion phasing primarily depends on the
Chemical Kinetics CKs) of the reactions. The major advantage of HCCI is the simultaneous
reduction of NQ and PM emissiont8]. However, since the characteristics of combustion
are governed by the kinetic rates of the reactions, controlling SOC timing and combustion
phasing are challenging8, 52] In addition, the evenly distributed homogeneous mixture
induces rapid combustion in the cylinder due to simultaneous ignition and creates significant
noise[48, 53] Moreover, engine operation is generally restricted to low ¢toaditions due
to the rapid increase of-gylinder pressur¢48]. This effect is amplified in PFI and early
injection systems due to SOC occurring before the completion of the compressiofsdfoke
Additionally, the poéntial of cylinder wall wetting is relatively more which has a significant
negative effect on both performance and emisqis53] This is due to the low temperature
and pressure conditions of the combustion chamber at the time of fuel injection resulting in

fuel penetration; thus, not favoring fuel vaporization and atomization. Consequently, the
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amount of fuel partigiating in combustion reduces; hence, lowering the Indicated Mean
Effective Pressure (IMEP). As a result, combustion efficiency deteriorates and results in
increasing products of incomplete combustion (CO and THCSs). In DI engines, narrowing the
fuel injection spray cone angle has shown some promise in addressing wall \We{ingo
improve control over SOC timing and combustion phasing, strategies such as MPFI, reducing
the fuel spray cone angle, and decreasing the CR are ufigeslo, 52] In an MPFI strategy,

the fuel injected in the pilot breaks down into lower hydrocarbons and initiates low temperature
reactions leading to cool flamg&3, 50] Consequentlythe main fuel injection event triggers

a hightemperature reactio@8]. Importantly, the fuel injection quantity timing of the pilot

and main events assist in controlling S{B3]. Moreover, injection rate modulations okth

fuel pulse provides added control over the mixture preparation process to attain a homogeneous
mixture [52]. Alternatively, control models could be employed to dynamically vary the
injection timing to maintain a constant ignition delay period; hence, establishing control over
the SOJ49].

. RCCI: This is a relatively new approach in which méiantone fuel with different reactivities

is employed. A comparativelpw reactivity fuel is injected early (or PFI) to mix with the air

and form a homogeneous mixture. Consequently, a higher reactivity fuel is injected closer to
TDC that triggers the conaistion event. Thus, by using a combination of fuels with different
reactivities, low and higkemperature reactions can be controlled; thereby, assisting in
controlling the combustion phasifig4]. Importantly, the low temperature reaction is delayed
significantly due to the reduced activity of the pilot f{&5]. Subsequently, once the higher
reactivity fuel is injected, both low and higlmperature reactisnoccur in short succession.

This leads to an enhanced premixed burn stage, as compared to conventional combustion
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resulting in elevated thermal efficiencies (> 50%@). In addition, the amount of fuel injed

and timing can be manipulated to vary ignition delay, premixed and diffusion burn phases, the
temperature of combustion, and the magnitude of low andtemgperature reactiofis5, 56]
Another option is to split the main fuel injection strategy into multiplectiges to enhance

the control over combustion phasig®]. Furthermore, EGR can provide additional control in
manipulating the reactivity of the system. This effective control over the SOC can aid in
maintainng an acceptable peak pressure [8. Nevertheless, utilizing multiple fuels in
existing vehicles requires substantial modifications to the fuel systemoWorehere is an
increased cost associated with implementing a dual fuel control system. Importantly, similar
to HCCI, RCCl is also limited to low and partial load conditifs\d. Finally, fuel penetrating

the crevice volume leading to an increase in THCs and CO emissions fisooodue to
cylinder wall wetting caused by early injection (or PBY, 56]

. PPCI: This option was specifically introduced to overcome the disadvantages of HCCI
discussed earliein this variant, mixture preparation occurs within the cylinder between the
fuel injection event(s) and SOC. For PPCI, relatively simple technigues including early
injection, EGR, and lower injection pressures are utilized to proviéetanded delay period

for the air and fuel to form a relatively homogeneous mixture. Unlike HCCI, significant regions
of the combustion chamber have fueh mixtures before combustiomherefore, PPCI will

have comparatively poor performance parameaed higher NQemissions in comparison to
HCCI; nevertheless, better than conventional combustion. Alternatively, CO and HC
emissions are expected to be lower in PPCI compared to HCCI. Importantly, most commercial

vehicles (and t heeadylthave the systemd and sensars mecegsary ta | r
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employ PPCITherefore, it is relatively easier to implement PPCI; hence, is the focus of this

effort.

1.4.2Performance Analysis of ULSD anBD under PPCI:

The influence of various techniques utilized to aghi PPCI and its influence on performance
parameters are discussed in this section (emissions discussed in the subsequent section). The
similarities between the combustion characteristicsB&f and ULSD are presented first.
Subsequently, the differencestime performance properties BD and ULSD combustion are
presented. Finally, the details of the experimental setup, methodology, and results obtained in the

various studies considered in this study are summariZédalel.

1. FIT: Advancing the FIT provides relatively more time for thefael charge to form a
homogeneous mixture prior to ignition. However, SOC occurs earlier than desired if
combustim chamber conditions are suitable for aigioition. Thus, advancing the FIT
marginally reduces the ignition delay period resulting in earlier onset of comb[&ids0]
Subsequently, this leads to the peak combustion pressure and ROHR to occU68a8gr
In most cases, this results in elevated combustion pressure and ROHR due to the double
compression effec{60-62]. Consequently, combustion noise is relatively m{s8].
Additionally, for marginal FIT advancements, thegine torque generated is slightly higher
[58]. Moreover, both combustion and fuel conversion efficiencies are reported to improve in
this condition{58, 62] However, the amount of fuel required to maintain a preset engine torque
or IMEP increxses as the FIT is further advandéB8]. As a resli, the BSFC increases
gradually{59]. On the other hand, delaying the FIT closer to Top Dead Center (TDC) or further

into the expansion stroke sharply increases the ignition f&®ay61, 64] Since SOC occurs
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past the completion of the compression stroke, the resulting combustion pressure and ROHR
are relatively less. Also, the ensuing combustion is predominantly a premixguhiasg61].
Interestingly, the Indicated Specific Fuel Consumption (ISFC) slightly decreases for FIT past
TDC [61, 63, 65] This indicates an improvement in combustion efficieja8}.

. Rate of EGR: Increasing the rate of EGR affects the peak combustion pressure and ROHR
negatively as it lowers the amount of &ailable for fuel oxidatiorj60, 61, 6571]. Also,the

rate of change of mass fraction burn is relatively [68]. The comparatively heavy molecules
contained in EGR act as a heat sink reducing the overall combustion temperature. In addition,
the reduced @availability extends the ignition delay perigg4, 66, 68, 70, 72, 73]As a

result, the peak combustion pressure @tioed and ROHR timing is delayed marging@$,

67, 70] Moreover, the combustion, thermal, and fuel conversion efficiency declines gradually
with increasing EGRate[10, 62, 64, 72, 73]This results in reduced engine torque generated

or IMEP and an elevated ISHE&1, 65, 66, 7Q]

. Fuel injection pressure: Increasing the injection pressure reduces the size of the fuel droplets
injected; hence, assisting in the atomization process. Thus, rising the injection pressure elevates
the combustion pressure and ROHRdromoting an enhanced mixing proc¢88, 65, 69,

71]. In addition, the BSFC marginally decreafgs]. However, fuel injection pressure has a
negligible effect orthe CA60 timing[59].

. Intake air pressure: Increasinge intake air pressure elevates the density of air in the
combustion chamber which assists in the fuel atomization and mixture preparation process. As
a result, the ignition delay is relatively Idé4, 72] In addition, the overall £concentration

available for fuel oxidation is more; thus, improving thermal efficidbdy 72]
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5. In general, for a given set of gne operating conditions in the LTC mode, the differences in
combustion performance parameters between ULSB&nare:

a. The ignition delay oBD is lower than ULSD due to its elevated (B4, 66, 68, 72]

b. Moreover, the burn rate &D is faster than ULSI)69, 74]

c. BD has a better combustion efficiency than ULSD due to the excessntained in
the fuel[10, 64, 72]

d. BSFC of BD is lower than ULSD due to its superior combustion and thermal
efficiencies[66].

e. The amount of fuel consumed to meet a required engine loadciwegl higher with
BD due to its lower energy contgl, 66, 70, 75]

f. The combustion pressure and ROHRB&fis higher than ULSD as the amount of fuel
injected is comparatively mof&0, 59, 60, 63, 66, 67, 70, 71, 74, 75]

g. Alternatively, if the amount of fuel injected is unchanged, the combustion pressure and

ROHR ofBD is less due to its lower energy contfg8, 69]

20



Table 1. Experimental details and brief observations of the performance results of studies

included in the literature review

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
No. of cylinders: 1
CR: 17.8
Cylinder volume: 857
(cn?) €) EGR| (a) Increasing EGRgnition Delay (D)y f
Aspiration; natural Fuel: ULSD | Sweep rate;:(bot h fuel s. U pke Mean
Engine speed: 1400 (rpm andéD from to 55% at low| Effective Pressure (BMEP) f@D and 18%
Conventional FIT: 17° Various load, and 0 tq for ULSD at high rates of EGR. [66]
Before Top Dead Center feedstocks. 65%_ at| (b) BD had ¥ combusti
(BTDC) medium ROHR compared to ULSD at 0% EGR. Als
Injection system: load. I Dy and BSFC ZzZ fBDr
mechanical DI
No. of injections: single
EGR: yes
(a) Incraasing EGR: Combustion pressu
ROHR, and rate of change ofdésFraction
Burn (MFB) Z for both
combustion pressure, ROHR, and rate
No. of cvlinders: 1 change of MFB of B
CR.'172)/ ' (@) EGR Al so, the heat rel g
S . sweep: 0 to for the MPFI LTC mode compared to sing
Cylinder volume: 510.5 489 L ional busti {
(cm3) 0. (b) Pilot FIT |n]ect|or! .conventlona combustion. T
N Fuel: ULSD, i, CAS0 timing gradually dayed for both
Aspiration: natural sweep: Pilot: . .
. ) BD, and o o fuels. Finally, combustion and therm
Engine speed: 1500 (rpn 22°,18°, and ; . 2
c : o blends. R Jefficiency Z for baqg [68]
onventional FIT: 6 14°, BTDC; . . )
BTDC Importantly, main: 40 (b) Advancing pilot FIT: The peak he
Iniection svstem: the CN of BTDC release rate occurs earlier. Additionally, 1
) ¥ ’ uLsb and ' magnitude of peak heat release rate w
common rail -
L BD were comparable for ULSD; however, the pe
No. of injections: single bl h & d
EGR: yes comparable. eatrt ease rate gradu
’ CAb50 timing occurs earlier.
For both cases, the CA50 timing was earli
for BD. Combustion and thermal efficieng
were highest for the earliest pilot injectiq
and BD.
No. of cylinders: 1
CR: 16.7
Cylinder volume: 477
(cm3) For both low and medium ldaconditions,
Aspiration: natural EIT  sweep: ULSD had comparatiy
Engine speed: 1500 and 30° to E|>O° Fuel: ULSD, | peak ROHR timing was earlier for B[
200 (rpm) BTDC in BD, and | Additionally, the CA10 to CA50 burn rat [74]
Conventional FIT: 23.1° steps of 23° blends. was relatively quicker for BD compared
and 28.5° BTDC P ' ULSD. Interestingly, BD and ULSD ha
Injection system: comparable CN values.
common rail
No. of injections: single
EGR: yes
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Table 1continued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
(a) Advancing FIT: ID remained unchangg
for ULSD whil e BID
Also, SOI to crank arilg position for 10%
fuel bur ned $8BDgompafed
No. of cylinders: 4 to ULSD. Finally,
CR: 16.0 all fuels, and the combustion noiseBD §
Cylinder volume: 1700 (a) FIT: 5° t han ULSD. Al s o, B
(cm3) [N However, BSFC Z fo
Aspiration: turbocharged 7B,Ta|2r)]g 9 C BD at all FIT setpoints. Comparable BSF
; . . (b) Injection ! s
Engine speed: 1500 i .| and fuel conversion efficiency for both fue
Fuel: ULSD, pressure: . -
(rpm) for FIT normalized forcrank angle position [59]
! oo BD, blends, | 800, 1000, -
Conventional FIT: 7 for 50% fuel burned (CA5Qjming.
and and 1200 bar| S ) .
BTDC European (b) Increasing injection pressure: Negligib
Injection system: dies?el effecton CA50 timing.
common rail ' (c) Conventional FIT: ROHR fdD Yy t
No. ofinjections: single ULSD. ROHR curve exhibited pre
EGR: yes combustion indicating cool flames kmw
temperatureelease.
(d)OverallBDhad a ¢ bu
betweercrank angle position for 10% fue
burnedand 506 comparedo ULSD.
No. of cylinders: 4 (a) Advancing FIT
CR:17.0 pressure and ROHFH
Cylinder volume: 4500 @ conversion efficiency for both fuels.
(cm3) Advancing (b) EGR (b) Increasing EGR: Comparable fuel
Aspiration: turbochargeo EIT: 0° sweep: 0to | conversion efficiency at®@TDC FIT for
Engine speed: 1400 BTDC and 50% for both fuels. Also, the fuel conversion
(rpm) conventional ULSD and 0| efficiency of BD remained constant for 8| [62]
Conventional FIT: 8° for constant to 46% for BTDC FI T; however
BTDC : BD in six higher EGR rates for ULSD.
- . engineload . .
Injection system: (68 N-m) increments. (c) Overall, peak combustion pressure,
common rail ‘ ROHR, and rate of R
No. of injections: single at high EGR rags due to poor combustiorn
EGR: yes phasing.
No. of cylinders: 1
CR:17.8
Cylinder volume: 857 (a) PEI pul ses: Th
(cm3) (b)
A 2 .| forthe 5 pulsed PFI compared8qulses.
Aspiration: natural Combination: A, :
) ) (b) Combination injection: The combustio
Engine speed: 1400 (a) PFI 4 and 8 PFI d for th |
(rom) pulses: 5 and pulses and pressure an RQHR or the 4 PFI pulse [75]
; o : were § than the
Conventional FIT17.0 8 injections. main h . | .
BTDC injection at However, the conventiona comb_ustlon
I . . required relatively less fuel to achieve th
Injection system: 17°BTDC. ine |
common rail needed engine load.
No. of injections: single
EGR: yes
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Table 1 continued

Engine Specifications Parameter 1 | Parameter 2 | Performance Refs.
(a) Increasing intake fOconcentration:
No. of cylinders: 1 The residual mass remains relative
CR:17.4 constant initiallb
Cylinder volume: 1000 less than 8%. Additionally, the residu
(cm_3). ' (b) Intake| M& S S .fractlen ancd
Aspiration: turbocharged (a) Intake Q ) efficiency § for
. ) . = | pressure: 10( .. R
Engine speed: 1400 (rpm) | concentration; -1 (b) Increasing intake pressure: Initiall
s \ to 250 kPa, in . - [72]
Conventional FITMaximum | 5 to 19% by steps of 50 thermal eff ci ency ¢ gr
Brake TorqueNIBT) volume. b fuels. SubsequenthBD: 150 kPa ULSD;
o i kPa. O
Injection system: common 200 kPa), efficie
rail pressures.
No. of injections: single (c) Overall, ¢ th
EGR: yes (artificial) for BD at all & concentrations and intak
pressures compared to ULSD.
No. of cylinders: 1
CR: 18.4 (a) Il ncreasin E (¢
Cylinder volume: 708 (cm3 9
Lo SN Constant pressure, anddelayed peak pressu
Aspiration: natural with high . . . ; .
) equivalence | High swirl|{t i mi ng for both f
swirl : ? - "
Engine speed: 2100 (rpm) ratio rauq piston UL S_D and V _ for BD
. MR (a) EGR| design: no| indicating premix burn.| [67]
Conventional FIT: 10 . .
BTDC sweep: 0, comparison | ( b)) UL SD combust
Iniection svstem: mechanica 11.5, 16.6,| presented. compared to BD for all EGR rate
DIJ y ' 9 and 24.0%. considered, and the engine was restric
S to low load conditions.
No. of injections: single
EGR: yes
No. of cylinders: 4
CR: 17.0 .
Cylinder volume: 4500 I\E/l(;;munrqate'
(cm3) (a) FIT ) (a) Delaying FIT: Engine torque ar
PSS . o achievable, . X .
Aspiration: turbocharged sweep: 8° to ie 50% for| € © mbusti on ef fici
Engine speed: 1400 (rpm) | 0° BTDC in UI:SD and delayed for ULSD. This effect was lej [58]
Conventional FIT: 8° BTDC| 2° for BD. Additiona
Injection system: common | increments 47% for BD. FIT.Overall | D Z f g
raJ” ystem. " | Fuel: ULSD,| "' '
BD, and B20.

No. of injections: single

EGR: yes
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Table 1 continued

Engine Specifications Parameter 1 | Parameter 2 | Performance Refs.
(a) Delaying FIT: ID stayedrelatively

No. of cylinders: 1 constant initially

CR:17.4 after a certain CA position (close to TDC

Cylinder volume: 988 (b) Intake @ This point was delayed as the intake presg

(cnr) concentration: and/orthe@c oncentrati on

Aspiration: turbocharged| (a) FIT: 9° to 13 15 and (b) Increasing intake £zoncentration and al

Engine speed: 1400 -12° BTDC o ' pressur e: | D odgevérdD of
. 5 | 17%. - . . [64]

(rpm) in 1 Intake air UL SD ¢ BDah allrpoints considerec

Conventional FIT: MBT | increment. ressure: 1. 2 Ther mal efficiency

Injection system: gn 425 b.ar' concentration and boost pressure.

common rail ' " | (c) Thermal efficiency oBD less sensitive

No. of injections: single for changing intake © concentration

EGR: yes (artificial) Overall, the thermal efficiency @D better

than ULSD at all settings considered.

CN:%.- (ifscgllnders: 4 CA50 timing

Cylinder volume: 1700 normalized

() FIT  sweep.

Aspiration:turbocharged (a) EGR rate] Importantly, | (a) Increasing EGR rate: Combusti

Enpines éed' 15009 0%, 35, 40,| FIT timing|ef fi ciency Z for b g

r ?n) peed: and 45%.| was adjuste BDYy t han ULSD in bag [10]

anventional EIT: not Fuel: ULSD, | such thatl EGR) and LTC modes.

specified ' BD, and| CA50 timing| (b) In-cylinder pressure and ROHR slighy

Ir?'ection svstem: blends. varied for ULSD compared t@8D in both modes.

cémmon r;il ' between 13.0f

No. of injections: single ir}dDC 21

EGR: yes )

gg, (if7cgllnders: 4 (@) MPFI (main injection at 5° ATDC witl

c Iindér volume: 4500 85% by volume): Two distinct pressure a

(c)r/n3) ' @) FIT | (b) Fuel| ROHR peaks.

Aspiration: turbocharged| SWEeP: injection (b) Increasing injection pressur

Enpines éed' 1400 9 Single: 20°| pressure: 15 Combusti on pressur €

o g]) peed: to-5° BTDC. | and 180 MPa| fuels.

anventional EIT: not Double: 15%| (c) EGR: 0%] (c) Increasing EGR: Combustiopressure [69]

specified ' pilot: 30° to| and 30%.,land ROHR Z for sin

Ir?'ection svstem: 15° BTDC | Fuel: BD, | events for both fuels.

C(:mmon r;il ' and main at ULSD, and|( d) Peak ©pressure

No. of iniections: single 5° ATDC. blends. compared to BD at all EGR and FIT settin

and MPIiI -sing Importantly, the amount of fuel injected w

EGR: yes fixed.
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Table 1 continued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
(a) Advancing FIT: Combustion pressure g
ROHR V¢, and peak
. ) timing advance for both fuels. However, t
NO'_ of cylinders: 4 (@) . FIT cyclic variability was more in ULSD. Fo
CR: 18.2 sweep: (b) EGR .
; . . ) . FIT at or before TDC, ROHR indicated bg
Cylinder volume: 1998 | Single: sweep: 0% tg : e
o o o ; premixed and diffusion phases. HowevV|
(cm?) 12.5°, 5°, 0°,| 80% in 10% :
g N ; only premix burn observed for FIT afte
Aspiration: turbocharged| -5°, and - | increments. . )
. i o i TDC. ID and ISFC stayed relatively constg
Engine speed: 1500 (rpn| 12.5° BTDC. | Fuel: ULSD,
: s lfor FI'T before TDC. [6]]
Conventional FIT: not Fuel canola oil,
specified injection soybean ol for FIT after .TDC' .
S . . I (b) Increasing EGR: Peak combusti
Injection system: quantity tallow and d L
common rail adjusted tg yellow pressure graduat’y
LEL Co stayed mostly unchanged initial
No. of injections: single | maintain greas. . | b
EGR: yes 8bar IMEP (convmt i ona combust
' ' gradually for EGR rate more than 50% (LT
for both fuels. ISFCoBDwas ¢ t h
at all points.
(a) I ncreasing engi
No. of cylinders: 1 (b) Intake equivalence ratio to achieve the requi
CR: 15.0 @ IMEP | pressure: 120 engine load. Equivalence ratio of ULSD a
Cylinder volume: 425 ) b ' BD comparable at all IMEPs. Additionally
sweep: 0.2 tg kPa and 15C AR
(cm3) . gradual y in I D fo
RS 0.7 MPa in| kPa. . .
Aspiration: turbocharged than ULSD at all pointsinitially (at lower
. i steps of 0.0 EGR rates :
Engine speed: 1500 I MEP) , combusti on
MPa. greater than [47]
(rpm) Fuel: ULSD. | 20% andfor both fuel s. Ho W
Conventional FIT: MBT : ' . 0.6 MPa for ULSD and beyond 0.65 MPa {
o ) BD, and BD | adjusted to . . ;
Injection system: S BD. Hence, high efficiency operating ran
. ethanol maintain X
common ralil with BD than ULSD.
L blend. NOx below : :
No. of injections: single 1a/kafuel (b) I ncreasing i n
EGR: yes gikgTuel. combustion efficiency recorded at all IME
setpoints for BD.
(a) Increasing EGR: Gradual advancemer
No. of cylinders: 4 CA50 timing and Z i
CR:18.4 and 14.4 both fuels.
Cylinder volume: 1998 | Fuel: ULSD| (b) Injection| (b) Increasig fuel injection pressure: Th
(cm3) (CR: 18.4)| pressure: rate of pressure ri
Aspiration: turbocharged| and BD(CR: | 600, 800, and timing was earlier for both fuelg
Engine speed: 1600 (rpn| 14.4). 1000 bar.| ( ¢) Advancing FI T: [60]
Conventional FIT: 20° €) (c) FIT | pressure rise and advancement in CA
BTDC Increasing sweep: 10/ timing. Additionally, the peak ROHH
Injection system: EGR: 44 to| 20, 25, andadvances and
common rail 60% EGR. 30° BTDC. | Overall, combuson pressure and ROH
No. of injections: single wer e mar ginally V%
EGR: yes ULSD. However, important to note that G
y for ULSD compared
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Table 1 continued

EngineSpecifications | Parameter 1| Parameter 2 Performance Refs.
No. of cylinders: 2
CR: 175
Cylinder volume: not
included
Aspiration: natural (@) DI and| (© I.?’MEP
Engin d: 1500 | PRl | sweep: 0.73
gine spee
(b) Piston| to 4.75 bar in .
(rpm) metry: steps  of 1Bowl type piston r [76]
Conventional FIT: not geo Y: P temperature and § d
included Bowl piston bar.
S . and dish| (d) EGR: 0%
Injection system: Dl and | . 0
PE| piston. and 20%.
No. of injections: single
andPFlI
EGR: yes
(a) Combination of
(a) EGR: ROHR § f or BOL
No. of cylinders: 4 Combination Unlike ULSD,BD did not represeritiegative
CR: 17.0 of delaying TemperatureCoefficient (NTC) behavior.
Cylinder volume: 4483 | FIT and Alternatively, both the fuels represe
(cm®) increasing (b) EGR| distinct low temperature heat releasad
Aspiration: turbocharged| EGR. sweep: 0, 35| high temperature heat release. Also,
Engine speed: 1400 (rpn| Conventional| and 42%|engi ne tor qu&D,gewheir [70]
Conventional FIT: 8° settings: FIT| EGR. for ULSD.
BTDC 8°BTDC and| Fuel: ULSD| (b) Increasing EGR: The ROHR wq
Injection system: 0% EGR.| andBD. comparable foBD, wh i ligeificantly
common rail LTC for ULSD. Also, the peak ROHR timin
No. of injections: single | settings: FIT del ayed for both f
EGR: yes 0°BTDC and UL SD. On the other
42% EGR. |l ow EGR rates of E
for 42% EGR.
No. of cylinders: 1
CR:19.5 (a) Advancing the FIT: ISFC and the amol
Cylinder volume: 300 of fuel consumed to maintaia constant
(cm®) (@) FIT: 3° | MEP gradually ¢ f
Aspiration: natural After .Top fuel i nj ect iBDoompareata
Engine speed: 1500 Fuel: ULSD,| ULSD.
Dead Centel . .
(rpm) _ (ATDC), 10° BD, and| Addi tionall vy, ear | [63]
Conventional FIT: ° and ' 250 blends. pressure and ROHR for both fuels. For 1
BTDC BTDC and 25° BTDC fuel injection events, pe

Injection system:
common rail

No. of injections: single
EGR: no

combustion pressBD.qg
However, t h By at 837 ATDEC
FIT.
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Table 1 continued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
Baseline €) . |
No. of cylinders: 4 settings: Increasing (a) I n Cdrdel a Z' nkg E G.R.'
CR: 16.57 FIT.  8°[EGR: 10 to| (o Peratue. and deayec peak ROHM iy
Cylinder volume: 4500 | BTDC; EGR: | 36% in| (o Doth fuels. ROHR and  bulk g3
- temperature of BD Z t han
(cn?) 0%; Fuel| several steps dditionall ble th | effici
Aspiration; turbocharged| Injection (b) A. h't'?‘na Y, coEm[??a;a k? thefrmia ('a_lluenc
Engine speed: 1400 (rpn| Pressure Increasing \t';:'é tr?e?mng;ne%ficiinc OEBBtZ uets.h ;Jvr\:eve [71]
Conventional FIT: 8° (FIP): 1000| FIP: 600 to Il voi ; y
BTDC bar. 1400 bar in| 2 POINts considered. o
Injection system: LTC settings:| steps of 200 (B)increasing FI _Ph' Y
common rail FIT: 0° | bar. Eetweep 600 atnd 10020 be;r, owevFerI,
LS . . egins 0 or
No. of injections: single | BTDC; Fuel: ULSD, -
EoR ye‘S 9 varying EGR| BD ~nij| Overall, ROHR ofBD §  t han UL
' and EIP bleﬁds FIP points considered.
(a) Increasing time after the start of injectig
Gradual yp pénetratem The fug
No. of ceviinders: 4 penetrat i onBD wanparedy tg
CR;153)’ : ULSD. Additionally
c Iindér volume: 1700 initially with time; however, it remaing
(c)r/n3) ' relatively constant subsequently for bg
Aspiration: natural Increasing fuels. Al so, the sp
Enpmes sod: 1500 (rpr] ECR or| Fuel: ULSD, | compared t@®D.
Co?wentignal i:IT' CA5p0 decreasing | BD, and| (b) Increasig EGR or reducing intake ;Q [73]
at 12+1 5° BTDC. intake Q | blends. concentration: The equivalence ratio and
In'ectTor.1 svstem: concentration y for both fuel s
ccimmon rgil ' equivalence ratio oBD and ID of ULSD
No. of injections: single wer € " y respecti \r/] el
EGR: yes Addltlo.na Y, combustlor) anq therm
: efficiency Z hfisng EGR(
However, they were comparable for bd
fuels.
(c) Single| ( a) I ncreasing EG
No. of ceviinders: 4 FIT sweep:| pressure and ROHR, and delayed p
CR.' 17%’ ' (&) EGR: 0| 20° BTDC to| combustion pressure and ROHR for bq
c Iindér volume: 4500 and 30%. 5° ATDC.|f uel s. Al so, y BSF(
(c¥n3) ’ (b)  MPFI: | (d) Injection| (b) MPFI vs. single injection: FITs selects
Aspiration: turbocharaed Pilot FIT | pressure: 15( for the sweep for the single and MPFI we
Enpine S éed' 1400 ?r o Sweep (15% and 180| not simiar; hence, a comparison is difficul
Coaventignal i:IT' 10°p by volume)- | MPa. (c) Advancing single FIT: BSFC was leg [65]
BTDC ‘ 35° to 15°| Fuel for an optimum FIT. Advancing or retardir
L . BTDC; and| injection the FI'T § the BSFC
Injection system: ; . . . .
. Main (85% | quantity was| ( d ) I ncreasing i nj
common rail ! .
No. of iniections: sinale volume) - 5° | fixed at | combustion pressure and BSFC for b
EG.R' e]s -sing ATDC. 50mg/cycle | fuels.
Y for all | Overall, conbustion pressure and ROH
setpoints. was Z, and BSFC ¢ f
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1.4.3Emissions Analysis of ULSD anBD under PPCI:

1. FIT: Asdiscussed earlier, advancing the eldds to earlier onset of combustion. This provides
excess time for energy loss through heat transfer. As compensation, the amount of fuel required
to meet the required load increases resulting in an elevated combustion pressure and
temperature. This effegenerates higher NGemissiong[10, 5864, 6870]. For the same
reasontheearly injection causdewer CO, THC, and soot/PM emissidas-61, 64, 6869].

On the other hand, delaying the FIT closer to or after TDC increases CO, THC, and soot/PM
emissions; while reducing N@missiong10, 5860, 62, 64, 69]

2. Rate of EGR: As described earlier, increasing the rate of EGR reduces the combustion
temperature and ROHR. Thus, Nénissions gradually decline with increasing EGR [Hie
60-62, 65, 6770, 72, 73, 75]Additionally, the limited availability of @hinders the fuel
oxidation process resulting in worseneoimbustion and thermal efficiencies. As a result,
soot/MVl emissions are elevat¢tlo, 6062, 64, 65, 6473]. On the other hand, the combustion
regime shifts to LTC at high rates of EGR due to the dominance efelmperatureCKs. In
this regime, soot/PMmissions begin to decline gradually with increasing EGR [aie 66,

68]. However, CO and HC emissions in the LTC region are relatively[Bigi66, 68]

3. Fuel injection pressure: As described earlier, increasing the fuel injection pressure improves
fuel atomization; hence, better combustion and thermalaffiees. Therefore, elevating the
fuel injection pressure results in higher N&ong with lower soot/PM, THC, and CO
emissiong60, 65, 69, 71]

4. Intake air pressure: Increasing tinéake air pressure rises the concentration pailable
for fuel oxidation, and aids in reducing the ignition delay period. Most of the results presented

in the literature utilize moderately high intake pressures to ensure engine safety while operating
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in the PPCI regime. Due to this, there is a negligible differem@missions observed while
using boosted intake pressufés, 72]

. In general, for a given set of engine operating conditions in the LTC mode, the differences in
emissions between ULSD aBd are:

a. NOx emissions: PPCI combustion witBD generates higher NOemissions as
compared to ULSD due to the excess availability gfad increase in the amount of
fuel injected to match the engine load setting, and the resulting higher combustion
temperature§6l, 6366, 69, 72] Importantly, NQ emissions from PPCI combustion
of ULSD andBD are comparable if thEIT is normalized to match the CA50 timing
[59]. On the other hand, multiple researchers obtained lowgeM@sions with PPCI
combustion oBD [10, 68, 73, 75]

b. Soot/PM, CO, and THC emissions: As mentioned earlier, theodtained inBD
elevates the oxidation of the fuel and assists in improving combustion efficiency. Thus,
the products of incomplete combustion products such as PM, CO, and THC are
relatively low in PPCI combustion @D compared to ULSO60-66, 6372, 74]

Unlike NO« emissions, CO and THC emissions are relatively loweBfdrcompared

to ULSD when the FIT is normalized to match the CA50 tinjs4].
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Table 2: Experimental details and brief observations of the emission results of studies

included in the literature review

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
No. of cylinders: 1
CR: 17.8 .
Cylinder volume: 857 (@) IncreasingEGRrate:N@ and s
(o) ' () EGR|bot h fuels. However
Aspiration: natural Fuel: Canola, sweep rate:  (i.e. ID 50% more than the 0% EGR cas
Engine spéed' 1400 (rpr| 3% yellow| to 55% atlow| Sootand NQZ si mul t aneou
Conventional FIT: 17° | 9'63€ load, and 019 of EGR. [66]
BTDC ' derived BD, | 65% at| For 0% EGR: THC, CO, and soot emissiq
Injection system: and ULSD. Ifggglum Z, anamiNDs i oBDsomparet wm
mechanical DI ' ULSD.
No. of injections: single
EGR: yes
. . (@) Advancing FIT: N@ and smoke
cl\l:%..<31f7cgllnders.4 emi ssions § for bot
Clindérvolume'4500 CO and HC emissior
(c)rln3) ’ (@) ULSD. However, CO and HC wern
Aspiration: turbocharaed Advancing (b) EGR: 0 to| comparable foBD.
Enpmes ol 1 4009 FIT: 0°| 50%  for| (b) Increasing EGR: At low EGR level
r 21) peed: BTDC and| ULSD and 0| relatively flat CO and HC emission 62]
anventional FIT: 8° conventional | to 46% forf However, gr adodl Iyke
BTDC ' for constantf BD in six | emissions.
Iniection svstem: engine load increments. | (c) At0% EGR: NQYy f or UL SO
. gmmon rg” : (68 N-m). and 0° BTDC FIT.
S (d) For 0° BTDC FIT, ULSD produced abo
No. ofiinjections: single 24 times § HC and 8
EGR:yes BD at high EGR rates.
- s —
No. of cylinders: 2 é/a) Ir}crr(]easn;g nI?:I\élliPewr[h Ogo EGdR IZ;mre
gRIin1d7e.r5vqume' NA emissions. Alternatively, NOx emissiol
y ’ (@) DI and vary depending on the various methg
(cm3) (c) BMEP| .-
o PFI ] utilized.
Aspiration: natural . sweep: 0.75
. ) (b) Piston 1(b) DI VS. PFI for
Engine speed: 1500 . to 4.75 bar in . . ,
geometry: emi ssions Z, and N
(rpm) ; steps of 1] ¢ [76]
. . Bowl piston y for DI at al |l B
Conventional FIT: NA . bar. :
S . and dish . (c) Bowl VS. di sh
Injection system: Dl and | . (d) EGR: 0% . .
piston. Marginally Z CO ang¢
PFI . and 20%. . . .
No. of iniections: sinale Fuel: BD. NOx emissionsfor dish piston geometry
and PFI] -sing (d) Increasing BMEP with 20% EGH
EGR: ves Rel atively Z NOx, a
Y emissions.
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Table 2 continued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
No. of cylinders: 1
CR: 184
Cylinder volume: 708 (a) Increasing EGR:
(cm3) Constant .7
. . . . Z in NOx for both
Aspiration: natural with | equivalence| High swirl . :
) X . 7= and CO emissions ¢
high swirl ratio ratio piston fuels
Engine spged: 2109 (ren (@) EG_R de5|gn:' no (b) Contrary to popular findings, CO and [67]
Conventional FIT: 10 sweep: 0, comparison - .
THC §BD#atallEGR rates considereg
BTDC 11.5, 16.6, presented. N
I . Importantly, presnted emissions were no
Injection system: and 24.0%. normalized (ppm instead of g/k\)
mechanical PP 9 '
No. of injections: single
EGR: yes
(a) I ncreasing EGR:
soot, CO, and HC emissions for both fue
. (b) MPFI vs. singl
o (€ Single | \ip'E T Additionally
No. of cylinders: 4 . FIT sweep: . . .
k (a) EGR: 0 o points considered. However, soot emissiq
CR: 17.0 20° BTDC to ;
. . and 30%. o were conparable for select few setpoints
Cylinder volume: 4500 . 5° ATDC. . i -
(b) MPFI: - (c) Advancing FIT: NOx and soot emissio
(cm3) : (d) Injection -
T Pilot FIT . were least at an optimum FIT. However
Aspiration: turbocharged pressure: 15( ; : .
. ) sweep (15% advancing or delaying FIT away from thig
Engine speed: 1400 (rpn and 180 ; .
. e volume)- optimum point resu| [65]
Conventional FIT: 10 o o MPa. - -
35°to 15 emissions for both fuels. Similarly,
BTDC . Fuel - O
Injection system: BTDC; and injection advancing FIT causeﬁ_ in botHh
o Main (85% ; THC emissions.
common rail - | quantity was . .
No. ofinjections: single volume)- 5 fixed at 50 (d) fncreasing inj
’ ) : ATDC. and Z saodTHC em$ons for bot
EGR: yes mg/cycle for fuels
all setpoints. Overall, ¥ NOx and
for BD compared to ULSD at all points
considered.
No. of cylinders: 4
CR: 16.0
Cylinder volume: 1700 (a) FIT: 5°, (a) Advancing FIT: NOx and soot emissio
(cm3) 7°, and 9° y while CO and DaeihC
Aspiration: turbocharged BTDC. Fuel: ED fuels.
Engine speed: 1500 (rpn| (b) Injection Do (b) FIT normalized for CA50: NOx
; N .| ULSD, BD, . [59]
Conventional FIT: 7 pressure: and blends emissions of ULSD and BD were
BTDC 800, 1000, ' comparable. However, HC and soot
Injection system: and 1200 emi ssions Z for BD
common rail bar. considered.
No. of injections: single
EGR: yes
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Table 2 continued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
(a) Del aying FIforboth
fuel s. Al so, smoke

No. of cylinders: 1 However, s Mo k'e' z f
CR: 17.4 Iater_. CO and .T!-|'C emissions stgy
Cylinder volume: 988 rAeIatlver constant initially. Subsequtty, it
(cr?d) ' (b)Intake.Qy sharply for 'FIT &
Aspiration: turbocharged| (a) FIT: 9° to concentration (close to TDC_). It was recognized that tf
Engine speed: 1400 | -12° BTDC |13, 1% and|CA position was de
(rom) in 10 17%. | pressures and_zcaoncentratlons. . | [64]
Conventional EIT: MBT | increment (c) Intake air| (b) Increasing mta_ke Qoncentranon and ai
Injection system'. ) pressure: 1, 2 pressure: N_Qe mi ssions YHC
common rail ' and 2.5 bar. emi ssions Z for bot
No. of injections: single (()f)srlnc())lje emissions were SUthe'A

i C emi ssions Y, a
EGR: yes (artificial) emi ssi orBP comparédoto ULSD

Simultaneous reduction of smoke and ;)N
for late FIT.
No. of cylinders: 1
CR:17.4 (a) Decreasing ©concentration: NQZ  f
Cylinder volume: 1000 bothfuels. For@Z t han 8%,
(cnr) (b) Intake and CO for both fals. Negligible CO anc
Aspiration: boosted (a) Intake @ - 10( THCforQ;y t han 10% for
Engine speed: 1400 concentration: pre;ssulr(e. -1 (b) Increasing intake pressure: No evid 5
(rpm) 5 to 19% by 10250 kPa, in NO, emission pattern observed. Alg [72]
: . steps of 50 _

Conventional FIT: MBT | volume. KPa negligible effect on THC and CO.
Injection system: ' (c) Overall, NQ Y , and CO a
common rail BD compared to ULSD at all point
No. ofinjections: single consideed.
EGR: yes (artificial)
No. of cylinders: 1 (a) Increasing EGR: For both the fuels, N
CR:17.0 (a) EGR emi ssions gradual]ly
Cylinder volume: 510.5 | sweep: %] emi ssions V¢. P M foelomi
(cn) 48%. (b) Pilot FIT EGR rates. Howeve
Aspiration: natural Fuel: ULSD, sweep: Pilot: concentration less than 189
Engine speed: 1500 BD, and 290 1é° and (b) Advancing pilot FIT: NQ emissions
(rpm) blends. 140’ BT’DC' gradually y, and PM [68]
Conventional FIT: 6° Importantly, mai,n' 4; Z for bot h UBRDS
BTDC the CN of BTDC NOx emissions were least for late injectig
Injection system: ULSD and ' Similarly, CO and THC emissions vweeleast
common rail BD are for early injection at all EGR points. (
No. of injections: single | comparable. Finally, BD had the least emissions in mc

EGR: yes

FIT and EGR setpoints considered.
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Table 2 continued

Engine Specifications Parameter 1 | Parameter 2 | Performance Refs.
No. of cylinders: 4
CR: 15.0 (b) CA50 (@) Increasing EGR rate: N@ mi s s i
Cylinder volume: 1700 timin and THC, CcoO, and s
(cn?) norm%lized Additionally, THC, soot, and N
Aspiration: turbocharged mar gi n aBDcygmparedtodJLSD.
Engine speed: 1500 (a) EGR rate: ::nl;[)ortsavxﬁsp. (b) Delaying CA50 timing: Soot and N(C
(rpm) 0%, 35, 40, CA50 timin’ emi ssions gr adua lSéot [10]
Conventional FIT: and 45% varied 91 and NQe mi s si on sBDvaeall BT
pll_ot/r_nam . between events conS|_derqu. S o
Injection system: 13.0° and 21° (c) PM particle size distribution similar fq
common rail AT.DC both fuels, but PM particle size &D Z
No. of injections: single ' compared to ULSD in both modes.
EGR: yes
No. of cylinders: 4 (a) Advancing FI T:
CR; 17.0 (b) Fuel gradually for both the fL_JeIs. Qn the oth
Cylinder volume: 4500 | (a) . FIT injection hand, P M emi ssions
(cm3) sweep: ressure: 150 Z for injections e
Aspiration: turbocharged| Single: 20° to an .180 both fuels.
Engine speed: 1400 (rpn -5° BTDC. MPa (b)) Advancing pil of
Conventional FIT: Not | Double: 15% o, for both ULSD and3D. [69]
o L A (c) EGR: 0% ; S .

specified pilot: 30° to ol ©INnoreasing injectio
Injection ystem: 15° BTDC and 30%. PM Z for both fuels
common rail . and main at Elljng i[r)ld (d) I ncreasing EGR:
No. of injections: single | 5° ATDC. blends, ULSD andBD.
and MPFI ' (e BDcombustion gene
EGR: yes PM than ULSD for all considered settings
No. of cylinders: 4
CR: 15.0
Cylinder volume: 1700
(cm3) . Increasing (a) Increasing EGR or decreasing intake
Aspiration: natural . . )
Engine speed: 1500 (rpr EGR _or Fuel: ULSD,{concentr a_fc i on: Soot

i g decreasing | BD, and | for both fuels. Additionally, both NOx an| [73]
Conventional FIT: CA50 | . . .

N intake 02| blends. soot e mi s sfar B comparedr tq
at 12.0+1.5° BTDC -
T ) concentration ULSD.

Injection system:
common rail
No. of injectons: single
EGR: yes
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Table 2 contnued

Engine Specifications | Parameter 1| Parameter 2 Performance Refs.
(@) Advancing FIT: NQ emi s s
No. of cylinders: 4 @ FIT gradually, and PM emissions stay|
CR:18.2 sweep: (b) EGR relatively unchanged for both the fuels. (
Cylinder volume: 1998 veep: ) and THC emissions
Single: sweep: 0% ta .
(cnm) 12.5° 5° 0°| 80% in 10% however, it stayed mostly constant fiuel
Aspiration: turbocharged _50' ’ané B increments injected before TDC for both fuel
Engine speed: 1500 o i “{(b) I ncreasing Eka&amRd
12.5° BTDC.| Fuel: ULSD, | . ) .
(rpm) Fuel canola oil |1 " HC emi ssions. Al| [6]]
Conventional FIT: © iniection sovbean 0”’ conventional combustion reaction zor
BTDC JOCH y lHowever, PM Z in tH
L . quantity tallow and )
Injection system: . achieved at EGR r at
. adjusted to| yellow . : -
common rail maintain rease THCem ssions were VY
No. ofiinjections: single 8bar IMEP 9 ' (eyBDcombustion ogxamd
EGR: yes ' PM, THC, and CO emissions than ULSD
all the setpoints considered.
No. of cylinders: 4
CR:17.0 . .
Cylinder volume: 4500 (a) Advancing FIT: NO and smoke emissiq
(cn?) EGR rately gradually for bot
Aspiration: turbocharged| (a) FIT g/lcah);;n\);g?e and HC Z sharply f
Engine speed: 1400 sweep: 8° tg . wle, 'thand, the rate of §
0 .| i.e, 50% for| BD was relatively less. Also, CO and HC f
(rpm) 0° BTDC in ) - [58]
Conventional FIT: 8° 20 ULSD and| BD remained relatively  constan
BTDC increments | 47% forBD. | Simultaneous reduction of NOand smoke
Injection system: Fuel: ULSD, | observed for delayed FIT events for bg
common rail BD, and B20. fuels.
No. of injections: single
EGR: yes
No. of cylinders: 1 (&) Increasing engine IMEP: Smoke
CR: 15.0 @ MEP (b) Intake Qmis_sion_s remaine.d relatively consta
Cylinder volume: 425 _ pressure: 12¢ I ni tially; ~however
sweep: 0.2 g higher engine loads. Alternatively, N(
(cm?) 07 MPa in| KPa and 150 ' = = -
Aspiration: boosted st.e . ofaO (l)nn kPa. EGR| emissions stayed mostly unchanged initig
Engine speed: 1500 P S rates greate{ 2" d began to gradua
(rom) MPa. than  40% | both fuels. Since FIT was adjusttent MBT, | [47]
Conventional EIT: MBT El[J)eIénLéLBSD[?, adjusted  to both NQ and smoke emissions for ULS
Injection system: Ethanol maintain andBD were comparable. , |
common rail blend NOx below|(P) I ncre asing intsg
No. ofinjections: single : 1g/kgfuel. | NOx emissions forBD; however, smoks
EGR: yes emissions were comparable.
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Table 2 continued

Engine Specifications

Parameter 1

Parameter 2

Performance

Refs.

No. of cylinders: 1
CR: 195

Cylinder volume: 300
(cm)

Aspiration: natural

(@) Advancing FIT:NQe mi s si ons

common rail
No. of injections: single
EGR: yes

- . FIT: 3° . fuels. NQ and soot emissions & w e r ¢
Engine speed: 1500 o | Fuel: ULSD,
(rp?n) P ATDC, 10°| 5o and| than ULSD results for most casq g3
Conventional FIT: ° and 25 blends. (b) Late ! njec tion
BTDC BTDC. both NQ and soot simultaneously.
Injection system:
common rall
No. of injections: single
EGR: no
No. of evlinders: 4 (a) (a) Combination of
C% C;-7C2)/|n ers. Combination EG R . N O x Z f 0 r b @

e _ of delaying magnitude of NOx emissions we
Cylindervolume: 4483 | '\ =7 0 comparable for ULSD andBD. Soot
gjm?’)_. bocharaed EGR - | (b) EGR|emi ssions Z for bot

spiration: tur' OCNarGea! conventional| sweep: 0, 35| was BD.f or
Engine speed: 1400 L
settings: and 42% .
(rpm) R (b) Il ncreasing EGR]| [70]
. o FIT 8° | EGR. . .
Conventional FIT: 8 BTDC and| Fuel: ULSD both fuels, andtheir magnitudes wer
BTDC . comparable. On the other hand, soot, (
L . 0% EGR.| andBD. : .
Injection system: and HC emi ssions
; LTC .

common rail settinas: EIT Interestingly, compared to ULSD, so
No. of injections: single . gs: emi ssions wer e %
EGR: yes 0° BTDC and emi ssi onsBDwere Z f g

Y 42% EGR.
No. of cylinders: 1
CR: 17.8
Cylinder volume: 857 (a) Combination injection: NOx, CO, ar
(cm3) (b) THC emissions of the 4 pulsed PFI trial we
Aspiration: natural Combination:| Z t han the convent
Engine speed: 1400 (@) PFI| 4 and 8 PFI (b) Increasing EGR rate for single DI: NQ
(rpm) pulses: 5 ang pulses ant emi ssi ons Z and sol/{ [75]
Conventional FIT: 17.0° | 8 injections. | 17°BTDC for both mid and high load conditionsOX
BTDC main and soot emissions
Injection system: injection. setpoints.
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Table 2 continued

Engine Specifications

Parameter 1

Parameter 2

Performance

Refs.

No. of cylinders: 1

CR: 16.7

Cylindervolume: 477 (a) AT sweep: Both CO and THC emissio
(cn?) g when the FIT was
Aspiration: natural @ FIT away from the conventional FIT for bof
Engine speed: 1500 and sweep: 30° td Fuel: ULSD, | fuels. Additionally, both CO and TH(
200 (rpm) 5° BTDC in | B2 and| e mi s si on sBDvakeall BT s&tpoints [74]
Conventional FIT: 23.1° steps of 23° blends. considered. Similar trends were obser\
and 28.5° BTDC ' when comparing C@nd THC emissions &
Injection system: a function of CA50 timing.

common rail

No. of injections: single

EGR: yes

. ) (a) I ncreasing EGR:
No. of cylinders: 4 e o
CR: 18.4 and 14.4 ?hngels THC, a rerdissians forrboth
Cylinder volume: 1998 | Fuel: ULSD| (b) Injection (b) Increésin fuel iniection presgar NO.
(cn) (CR: 18.4)| pressure: emissi go s Jection p d
Aspiration: turbo andBD (CR: | 600, 800, ang o y an S 1

; . ULSD. Additionally, CO and TH(
Engine speed: 1600 (rpn| 14.4). 1000 bar. emissions Z for bot| [60]
Conventional FIT: 20° @ (c) FIT ; ) e

. . (c) Advancing FIT: CO and THC emissio
BTDC Increasing sweep: 10, Z initially; howe Vv
Injection system: EGR: 44 to| 20, 25 and certain point for both fu,els On the oth
common rail 60% EGR. 30° BTDC. . : j -

No. of injections: single hand, NQe mi ssions § gr
EG.R' yes ) Overall, CO, THC, and smoke emissio
' were y for ULSD at

Baseline
settings: )

. . - FIT: 8° (@) IncreasingEGR:N¥ , and C(
(Igc;.qf;;s/l;nders. 4 BTDC; - smoke emissions § f
Cylindér volume: 4500 EGR: 0%;]| (b) _ both NG an_d soot were lower than th
() ' - FIP: 1000| Increasing bas_eh_ne emisens. Also, NQ and smoke
Aspiration: turbochayed bar. _ FIP: 600 t_o emissions of BD and ULSD were
Engine spéed' 1400 (rpn LTC setting:| 1400 bar in compgrable. On the other hand, CO and
Conventional i:IT' ge -FIT: 0° | steps of 200 emissionsoBDYy t h a n UL S D [71]
BTDC ' BTD_C, and| bar. CO and HC were presentt_ad in ppm basis,
Injection system: varying EGR| Fuel: ULSD,| ( b)) Il ncr easing FI P
common rail ' and FIP.| BD, and| however, NQ rema}med reIatlvely constar
No. of injections: single €) . blends for ULSD. Alternatively, changing F_IP .ha
EG.R' yes ' Increasing minimal effect on NQand smoke emission

' EGR: 10 to of BD.

36% in
several steps
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1.5 Importance of the Current Study

Most studies reviewed inigchapter (and available in the literature) focus on comparing the vital
differences in performance and enoss characteristics between different fuels in the PPCI
regime through EGR sweeps, FIT variatioMFI, PFI, variation in the intake air pressure, and
injection pressure manipulations. Typically, two or more of ghier-mentioned strategies are
utilized to achieve PPCI. Therefore, isolating the influence of the individual parameters on the
performance and emissions data presented is challenging. In additiomréliendged studies that
correlate the obtained resultstiwv the fundamental kinetics of ULSD or BD combustiamd
utilizing multiple strategies to achieve PPCI further deters the relevance with fundamental kinetic
comparisonMoreover, the engirgeutilized in these studieBavea relatively lowCR to avoid
premature ignition Finally, a few strategieappliedto achieve PPCI have limitations from a

practical implementation point of view.

Therefore, the current work attempts to achieve PPCI combustion through FIT variation alone
initially. Here, detailed analysis of the advantages and restrictions of using this strategy is
presented. Moreover, the impact of the differences in the fuel piegpef ULSD and BD with

FIT variations will be discussed. SubsequerdlyEGR strategy is introduced in addition to FIT
variations in an attempt to operate in the PPCI regime. A similar discussion of the impact of EGR
in conjunction with FIT variations provided Additionally, the key differences between ULSD

and BD as the fuels in the PPCI regiarepresented. This method of implementing one strategy

at a time assists in isolating the key operating conditions that impact the performance and emission
characteristics ahe PPCI regime. Importantly, the performance and emissions data generated in

this study using a higiCR engine adds value to the literature. In addition, the brief analysis
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corelating the obtained ignition delay results with the fundaat&inetics oBD combustion adds

novelty to the research.

1.6 Dissertation Chapters

Initially, Chapter 2 describes the experimental results obtarniba singlecylinder engine while
exploring the possibility of achieving PPCI through FIT variations alone wgaste cooking oil
(WCO) BD as the fuelln addition to performance and emission results, the discussion is also
focused on theNTC behavior of BD,and its influence on ignition delay perioltportantly,
similarities of the obtained ignition delay reswitish theCl engineandliterature studies dshock
Tube(ST), CVCV, andCK studiess presented in detail. Based on the learnings of Chapter 2 and
earlier studieg77], there was limited success in reducing the,IR®®1 tradeoff through HI

adjustments alone with both BD and ULSD as the fuel.

Therefore, EGR was utilized to further increase the ignition delay period and study its influence
on achieving PPCI with ULSD as the fuel in ChapteA@ditionally, the isolated comparison of
combusion characteristics with and without EGR is presented. Similar experiments were
conducted using WC@®D with EGR and the results are described in Chaptek detailed
comparison categorizing the influence of fuel (ULSD vs WCO) on achieving/limiting PPCI is
provided.Subsequently, a series kihetic studiesn Chapter 5will be conducted to analyze the
importance of operating BD in theTC region, and its influence on combustion performance
parametersSpecifically, the focus of the parametric study will be on isolating the factors that
influence ignition delay on a kinetic level. This information will assist in determining the
advantagesral restrictions of utilizing a hig&R engine while attempting to operate in the PPCI
regime. Finally, a summary of the key findings and conclusions of all research conducted will be

presented in Chapter 6.
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Chapter 2: Exploring the Possibility of Achieving Partially Premixed Charge Compression
Ignition Combustion of BD in Comparison to Ultra Low Sulfur Diesel on a High

Compression Ratio Engine

Abstract

The combustion characteristics of biodiesel (BD) operating in the Low Temperature Combustion
(LTC) regine, via Partially Premixed Charge Compression Ignition Combustion (PPCI), is
relatively unknown. Therefore, this study compares engine performance and emissions of ultra
low sulfur diesel (ULSD) and waste cooking oil BD through an attempted PPCI methadthegy

Fuel Injection Timing (FIT) was gradually altered from conventional combustion timing (12.0°
for BD and 12.5° for ULSD) to 35°(before top dead center. Results indicated that the fuel
consumed to maintain the required load condition increased ¢safitwdoth ULSD and BD due

to the start of combustion shifting further into the compression stroke for each injection
advancement. Nitrogen oxides (NQ particulate matter (PM), carbon monoxide, and total
hydrocarbons were marginally lower for BD comgzato ULSD. There was limited success in
reducing both N@and PM emissions simultaneously by varying the FIT alone for both fuels. The
high compression ratio of the engine utilized was a major limiting factor in achieving LTC.
Importantly, the Negative Teperature Coefficient (NTC) behavior of BD and its impact on
ignition delay was successfully captured. The operating conditions used in this study are closer to
a production engine as compared to shock tube and constant volume combustion systems typically
used to validate chemical kinetic (CK) models. Moreover, data surrounding NTC and its influence
on ignition delay with BD ircompression ignitiongines is limited in the literature. Thus, the
results presented provide valuable data that could be utitzedelp validate CK models

investigating the behavior of BD fuels.
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2.1Introduction

Close to 90% of the global energy consumption utilizes fossil fuels as the primary g@Jrce
Recent studies suggest that available fossil fuel resources are finite and could threaten
environmental sustainability79, 80] This increasing energy production that is reliant on fossil
fuels will result in unfavorable and tmaful environmental emissiori81]. With respect to the fuel
utilized for energy production, diesel fuel has a significant influence on the global economy due
to its dominance in @ agriculture and transportation sector, especially in developing countries
[82]. As a result, the estimatenergy demand coupled with stringent emission regulations drives
the need for renewable fuels. As a promising alternative, researchers have learned through life
cycle analysis thatiodiesel BD) emits lower greenhouse gas emissions than conventiosdl fos
fuel-derived diesel during its lifetim&3]. For these reasons, there is significant rebeamn (first
generationBD fuels derived from natural sources that are compatibl@ompression Ignition

(CI) engineq84, 85] Moreover, the magnitude of research on @@aherationBD continues to

grow due to its applicability in theuorent and future energy landscdfé, 87] This is supported

by the linear growtlof BD production in the last decade in the United Stgg8s89]

Since traditional oils used for generatiB® are in direct competition for their place as a food
source, noredible oils such as jatropha curcas, karanja, sea mango, tallow, Nile tilapisiaated
Cooking Oil WCO) can be useds feedstocks to produce (secayaherationBD [90]. Most of

these secongdenerationsources have a limited availabilif85]. In addition, when compared to
vegetable otbasedBD, it is significantly harder to stofgéD extracted from nowmdible 0ils[85].
Therefore, the popularity of using WCO as a seegadkeration feedstock is growing due to the
absence of competition with other food products, and its comparatively better economic viability

[85, 90] It is abundantly available and itsage assists in managing the challenges associated with
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domestic waste dispos@0]. In addition, the life cycle analysis of WCO synthesiZ&
demonstrates relatively low greenhouse gas emissions since its source vegetable oil has been
consumed for other useful purposes before being used as an engif@Sfuéls a resultBD
generated from WCO is a focus of this stuéyso, the University of Kansas (KU) has an

established systefor collecting WCO from various restaurants on campus and converting it into

BD [91].
CH,-O-CO-R, CH,-OH R-O-CO-R,
[ (Catalyst) |
CH-O-CO-R, + 3ROH — > CH-OH R-O-CO-R,
I |
CH,-O-CO-R, CH,-OH R-O-CO-R,
(Triglyceride) (Alcohol) (Glycerol) (Mixture of fatty acid esters)

Figure 3: Simplified form of transesterification of vegetable oil or animal fats to produce

BD [92].

BD using vegetable oil and/or WCO as the source can be derivegjtthseueral processes, such

as micreemulsions[93], thermal cracking[94], and transesterification (the most common
methodology)25, 26, 30, 31, 92, 95, 96Yegetable oils contain up to three fatty acid molecules
linked to a glycerol molecule with esters; hence, the moniker triglyceride is often employed when
discussing theBD source oil[31, 32, 92]. Transesterification is the procesere these
triglycerides (aka complex fatty acids) are mixed with ethanol or methanol in the presence of a
catalyst, either potassium hydroxide or sodium hydroxide. The product is a mixture of monoalkyl
esters of longchain fatty acids with glycerol asbgproduct, as depicted Figure3 [31, 32, 92]

Typically, the resultind3D fuel is made up of alkyl fatty acid estexksshortchain alcoholg21,
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23-25, 2832, 92, 97, 98]whereas, petrolewderived diesel fuel contains straigtitained and/or

brancheechain hydrocarbons along with aromatic species.

2.11 Conventional Combustion oBD

Previous research indicates that the characteristics of the fuel (both physical and chemical) has a
major impact on the performance and emissions characteristics during Cl comf@astiz) 29]

The deviation oBD properties fromultra-low sulfur diesel ULSD) in paraneters, such as fuel
viscosity, density, molecular structur€etane NumberGN), and energy content impact the
combustion proced22, 29, 30, 99]Here, their influence on combustion performance parameters
are categorized and explained briefly. Firstly, the caratvely higher viscosity oBD hinders

the fuel brealup and atomization process, and as a result the fuel droplets are relatively larger
[31]. Hence,BD has a elatively extended physical delay period compared to ULBID This
decreases the flame propagation speed leadiag ittcrease in the combustion durafi@s]. This

effect is augmented if the injection parameters are not norm@fi2¢édn generalBDs comprise

about 11%0xygen ©O2) by weight contrasted to negligib{®@ content in ULSD. This exce$3,
contained in the fuel assists with oxidation resulting in higher adiabatic flame temperature.
However, the presence 0b reduces the energy content of the fuel causing an incredse fined
consumption by about 12% (mass basis) compared to ULSD to meet the preset load[@&8mand
37-41, 100] The inherently high CN d8Ds outweighs the earlier mentioned factors and ensures

a shorter overall ignition delay duritige Cl combustion oBD [101]. With respect t@missions

total hydrocarbonsTHC), carbon monoxidéCO), andparticulatematter (PM) emissions are
generally lower, whereas N@missions are typically found to be greater B combustion

(when combustion timing is not normalized) as compared to U341, 44, 45, 100Dverall,

the anticipated differences in combustion performance and emissions between ULED aned
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summarized inrable 3. The upper arrow indicates an increase in the combustion characteristic

being compared fd8D contrasted to ULSD.

Table 3: The anticipated results for increasing indepadent fuel property in PPCI

operation
Increasin I_n- In-cylinder | Ignition
propertyg cylinder tempyerature gdelay BSFC | NOx | PM | CO | THC
pressure

Advancing FIT Y Y ¥ gy g | Z | Z z

CN Y Y 27 g g | Z | Z z

Density % % % Z g | 2| 2| 2

Viscosity z z g9y Z zZ | v ly ¥

Energycontent ¥ % % Z g |z | 2| z

Oxygen content ¥ ¥ z gy Y Z | z z

Compression ratiq % % 27 Z gyl z | 72| 2z

EGR Z Z vy y ZZ2l 9y |y | vy

Unfortunately, both ULSD anBD are restricted by the N&PM tradeoff (i.e., advancing injection

timing reduces PM but elevates N@missions). LTC has shown potential in alleviating the
negative effects of this tradeoff through the instantaneous ignition of a homogeneous lean mixture
leading to combustion at relatively low temperat(it€2, 103] While there is limited information
available on the utylinder temperatures d8D in LTC operation, the comparatively lower
exhaust temperature reported in the work by Mohanamurugan et al. suggest that it is less than
ULSD [104]. Subsequently, this reduced-aglinder temperature ensures that ;Némissions
produced through the thermal N@echanism are reducgtD, 102, 104]Moreover, the preser

of excessO. improves oxidation of the fuel (ideally) suppressing the formation of incomplete
combustion product§l04] LTC is typically limited to low operating load conditions due to

challenges associated with combustion phaf#hgNevertheless, the inherent lower emissions
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advantage of LTC make it of interest. Besides, conducting LTC experiments onGR¥gigine

could alleviate some of the performance issues typically observed in LTC.

Before describing the experimental setup and results obtained, it is importantwothevimdings

of BD LTC available in the literature. In general, LTC can be divided into HCCI, RCCI, and PPCI
depending on the technique of fuel injection strategy and/or blends utilized. Due to its ease of
implementation through methods like early injest EGR, and varying fuel injection pressure,
PPCI was selected. Additionally, PPCI combustion analysis eliminates complex variables, such as
PFI (popular in HCCI) and dual fuel chemistry (popular in RCCI). As discussed in the preceding
segment, the fugbroperties ofBD influence mixture formation and the resulting combustion
process. However, the effect of physical properties (e.g., viscosity, density, CN, molecular
structure, and energy content) are comparable in both conventional and PPCI regineéstel her

the summary of PPCI literature review is first categorized based on the various methods used to

achieve PPCI.

To begin with, advancing the FIT gradually into the compression stroke results in an extended
ignition delay providing more time for thejected fuel to vaporize, atomize, and subsequently
form a homogeneous dauel mixture[61]. Significantly early injection could lead t&C before

Top Dead Center (TD{Pp1, 63, 105, 106]This results in the heylinder pressure, ROHR, and
temperature increasing at substantial rates due to the double compression. Moreover, the early
onset of combustion provides comparatively more time éat foss and interactions between the

wall and injected fuel. Hence, fuel required to meet the required engine load increases and
negatively affects the thermal efficien@B, 106] This leads to an increase in Némnissions and

a decrease in incomplete combustion products (CO, THC, and[$9)61, 63, 105, 106]

Alternatively, increasing the injection pressure reduces the size dti¢l droplets injected and
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assists in the atomization process. Thus, increasing the injection pressure elevateglitiaen
pressure and ROHR by promoting an enhanced mixing proce®8S#@marginally decreases

[60, 65, 69, 71] However, injection pressure has an insignificant influence on optimum SOC
timing [59]. For a given set of engine operating conditions in the LTC mode, the differences in

combustion performance parameters between ULSB&nare:

1. Ignition delay ofBD is lower than ULSD due to its elevated (B, 68, 72, 75]

2. The burn rate oBD is faster than ULSI)59, 74]

3. BD has a better combustion eféacy than ULSD due to its embeddea [10, 64, 72]

4. Fuel required to meet a set engine torque/load is relatively higheBWittiue to its lower
energy contenfi63, 66, 70, 75]

5. The incylinder pressure and ROHRBD is higher than ULSD as the amount of fuel injected
is comparatively morgl0, 59, 60, 63, 66, 67, 70, 71, 74, 75]

6. For a fixed fuel quantity, the iaylinder presswe and ROHR oBD is less due to

its lower energy contef65, 69]

Since varying the FIT alone for LTC has demonstrated success in lessening the negative effects of
the NQ-PM tradeof [107], this is an avenue worth investigating. Importantly, this study aims to
compare and contrast the findings with an earlier work of the authors where PPCI trials were
conducted by varying the FIT of ULSD without the ufeEGR [108]. As discussed earlier,
utilizing BD with normalized combustion phasing has the potential to improve thePNO
tradeoff compared to ULSD. Furthermore, it important to explore the effe@® ofiscosity,

density, energy content, and CN on combustion characteristics (e.g., igadiay, SOC,
combustion phasing) as the FIT is advanced gradually into the compression stroke without the

influence of other variables (e.g., EGR, fuel injection pressure, multiple fuel injections).
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As a result, a comparative analysisBid and ULSD using a higER engine (higher than any

other prior studies) while exploring the possibility of achieving LTC through FIT modulation was
performed. Ircylinder pressure, temperature, ROHR, and exhaust emissions were measured to
assist in analyzimp the combustion process. Thedylinder parameters aid in understanding the
differences in combustion behavior at the various setpoints selected (discussed in the next section).
Additionally, the ircylinder pressure data characterizes the SOC andfrateange of pressure
analysis that is needed to determine when LTC might be occurring. The obtained ignition delay
results are compared with literature from Q¥@nd ST experimental studies. Additionally,
ignition delay data are compared wWiiiK (CK) studies using ULSCBD surrogates in the LTC
regime; hence, providing a link between experimental data and theoretical models. Overall, this
effort helps identify trends of ignition delay and its dependency on operating conditions while
attempting LTC. The obtaed results could be utilized to further validate and improveCe
mechanisms oBD surrogates. Before discussing the experimental results obtained, a brief

description of the engine test seaqdBD synthesis process provided.

2.2 BD Production

TheBD utilized for testing was synthesized through the transesterification of WCO (used canola
oil as feedstock) at theniversity of Kansas BD initiativéaboratory. The WCO from various
restaurants on campus is collected and filtered coarsely and tradsféo a heating drum. This
filtered WCO is then heated for approximately four hours to reduce the viscosity of the oil. In
addition, the heat added assists in overcoming the activation energy threshold necessary for the
reactions that follow. Moreovethe excess heat removes avgtercontained in the oil. Following

the initial heating process, the WCO is filtered again with a finer mesh and transferred into a second

drum and heated to a temperature of 60°C. Once this temperature is achieved, reetutea
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to the oil in a 6:1 molar ratio and the mixture is continuously stirred in the presence of 1% by mass
sodium methoxide (catalyst) for approximately four hours. On completion of the mixing cycle, the
mixture is allowed to settle for 12 hours duringich glycerol, the byproduct, separate from the

BD and sinks to the bottom of the dru@nce the glycerol is drained, tB® is then washed three
times to remove any impurities, such as methanol and soap. FinaBDRtisedried thoroughly to
eliminate any traces akater remaining in the fuel. For the interest of the readethasough
description of thé8D synthesis from WC@nay be obtained in the works of Cecrle e{28] and
Mangus et al[109]. The estimated propertied the fuel utilized are presented Table 4, and

further information on th&D fuel properties (e.g. fatty acid content of the feedstock oil) may be

found in the aforementioned works.

2.3 Experimental Setup

The engine utilized foBD combustion testing is a singbylinder naturally aspirated CI engine.

The specifications of theest engine (Yanmar L100V) and a schematic of the test bed is in
Appendix Tablel andAppendix Figurel respectively. The conventional FIT of the engine is 12.5°
and 12.0° BTDC when fueled with ULSD aB® respectively at low and medium load conditions.

In addition, detailedIBT study on this engine wasgormed and the details of the injection
timing utilized for various fuels and operating load conditions are discussed in length by Mangus
et al.[109]. A 12-horsepower DyneSystems, Inc. Dymond Series alternating current dynamometer
(model# DymondSeries 12) is connected to the engine via an actuating shaft. A DyneSystems
Inter-Loc V OCS digital multloop dynamometer and engine controller is utilized to monitor the
dynamometer. The torque generated due to the applied engine load is quantifiednsyaina
Futek (model #TRS605) torque transducer. I n

#6052C) was utilized to measure thecilinder pressure. Furthermore, a Kistler charge amplifier
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(model #5011B) with uncertainty +0.5% was used imjaoction with the transducer.
Additionally, a crank angle encoder (Kistler model #2614B1) gives the instantaneous crank angle
position signal for every 0.2 degrees. The presented pressure trace is the mean of 60 combustion
cycles measured at the same heson as the angle encoder; hence, reducing the statistical
uncertainty below 1.5%. In addition, an electronic common rail fuel injection system (Bosch model
#261B1-135201) with a sixhole injector (Fiat Grande Punto MJTD 1.3) is utilized. To control

the fuel injection parameters, a Bosch MS15.1 Diemajine control unitrunning Bosch
ModaSport is utilized. The common rail system allows a pressure range2004a0Pa and a FIT

resolution of £ 0.02° of crank angle.

Inlet fuel parameters, such as FIT, gmere, and quantity of fuel can be monitored through the
engine control unitAn Emerson Elite (model #CME10M) Coriolis fuel flow meter is utilized to
compute the intake fuel mass flow rate with an uncertainty0dd3%. Additionally, a laminar

flow element from Merriam (model #50MW2DR) with an uncertainty o£0.1% in conjunction

with an Omega differential pressure transducer (model #P82DBV) with an uncertainty of
+1.0%is used to determine the air mass flow rate. Throughout the setup, K typedbephes

with an uncertainty 0£0.75% are used to measure intake and exhaust air temperatures at various
points. Furthermore, pressure transducers (Omega model #PX329/PX319) with an accuracy of
+0.25% are utilized to find the intake and exhaust presstireariaus locations. Finally, the
ambient air temperature (Omega model #KQXL), pressure (Omega model-BEPWW}E and
humidity (Omega model #EWRBH) are recorded. All the above temperature, pressure (except for
in-cylinder), humidity, and flow rate data liscorded at a rate of 10 measurements per second.

Uncertainty of this data is calculated using the standard deviation method.
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Table 4: BD and ULSD fuel properties[28].

Property BD ULSD
Density (kg/n) 882.69 + 0.01 839.60 + 0.01
Kinematic Viscosity (cSt) 6.560 + 0.001 2.481 £ 0.001
Dynamic Viscosity (cP) 5.790 £ 0.001 2.083 £ 0.001
CN 528+4.1 40.0
Energy Content (kJ/kg) 39663 + 44 45494 + 44
H/C molarratio 1.84 +0.04 1.80 £ 0.04

The sensor measured data are recorded usingleouse built LabVIEW program in conjunction
with National Instruments compact reconfigurable irputiput (model #cRIE®014). The
program works as an automated data acquiss#taftware controlled through a laptop computer.
The installation of the heylinder pressure transducer, the electronic fuel injection system, and the
engine data acquisition and control interface were completed by a previous graduat¢i1@fient

In addition, the various sensors and measurement peripherals were set up by anoth¢®8fudent

Furthermore, a detailed description of the testbed apparatus can also be {Gand 19]

A standalone EGR system capable of dynamically controlling the EGR rate and temperature was
employed[111]. The EGR system comprises two pressure control valves and two cooling fans.
The exhaust gas exiting the engine is routed through #nchestainless steel pipe to a cooling

fan (Hayden model #D#951-1-1). Subsequently, the exhaust gases are mixed vétimthke air

in a mixing box and directed into the engine. Importantly, a maximum of 10% EGR was achievable
for ambient intake pressure conditions as recorded by a previous study on the samid £2pine

To enable higher EGR rates, two valves were installed on the air intake line to throttle and
modulate the pressure difference betweenriteke and exhaust manifolds. Here, one of the valves
was controlled manually and could only bring about a respectively coarse change to the flow and

pressure in the intake line. Alternatively, the second valve is controlled using a stepper motor
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(Omegamodel #2035) capable of holding up to 1.32051Norque. This motor can control the
valve at a resolution of 400 steps/revolution. Finally, a third valve close to the mixing box acts as
an on/off switch and assists in the fine control of exhaust gas. Be&GR gases flow through

this third valve, a stainlesseel option with a tight seal is used. Additionally, a larger stepper
motor (Applied Motion #HT34606) capable of 8.8986-M and a motor drive (Applied Motion
model #STR8) is used to handle thela&vely harsher environment. Overall, the EGR rate is

calculated as:

#1  #1 (11
%' 2 pmm
#/ # 1/

and two CQ sensors capable of measuring up to 30% QTD, EngineTM ICB K-33 Data
Loggercompatiblewith an accuracy of + 0.5% vol G& 3% of measured value) are used to
record the intake and exhaust levels. Additionally, two PM filters (100 and 220 microngiznd

traps are employed to collect any condensaterasthe sensors are susceptible to contaminants

in the sample gas. It is important to note that the EGR cooling fans were not employed and fixed

rates of EGR were used during the tests conducted.

In addition to the engine control setup, a standalone AVL 3&%Aurier Transform Infrared

(FTIR) (model# 160 FT) emissions measurement system for gaseous exhaust emissions is used.
The exhaust gases are supplied to the FTIR system through a heated sampling line. This system
can measure scores of emission speciesetier, regulated emissions such as WD, NO, and

NO: are presented here. The exhaust species are sampled for a duration of 5 minutes during which
the emissions species are measured at a frequency of 1 Hz. In addition, AVL Smoke Meter (model

#415se) is utilized to measure the Filter Smoke Number (FSN)eXhaust gas was sampled for
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a period of 120 seconds on the Smoke Meter. Both the Smoke Meter and FTIR measurements are

recorded on a separate laptop computer through transmission control protocol/internet protocol.

Prior to collecting data, the enginevimrmed up until the engine oil temperature and exhaust
temperature stabilizes (i.e., steady state) with a deviation margin of no more than @%rnin
addition, before every testing cycle, the FTIR systengaisbrated,and the dynamometer is
calibrated hrough the InterLoc dyno controlleBD derived from WCO with properties given in
Table 1 is utilized as the test fuel. After the tests are completed, aliregnsional model
developed by Mattson is utilized to generate heat release analysis along ‘syimdier
temperatures, mass fraction burn profiles, and ignition delay periods fromdyéitker pressure
data[113, 114] The ignition delay period was computed using the second derivativeyfider
pressure with rgsect to the crank angle position profile. Here, the crank angle point at which the
maximum slope of the second derivative of pressure is observed is considered the SOC timing.
Therefore, the time between the start of injection (aka. FIT) and the SOC tndefined as the

ignition delay period.

As discussed earlier, this study is a follow work of PPCI trials conducted on the same engine
using ULSD[115]. Hence, 0.5, 1.0, and 1.5 were selected as the three lower load levels while

the FIT was vaed gradually from 12.0° to 35.0° BTDC (Table 2). To contextualize, 48 &t

1800 rpm refers to 100% rated engine torque or full load. For the interest of the reader, the net
IMEP data forall setpoints is presented Appendix Figure2. Of note, comparatively more FIT
scenarios were considered in this study for a better FIT sweep of data points. At each FIT set point,
the quantity of fuel injected was adjusted to maintain a constant load. Importantly, it is difficult to
maintain a consint engine torque at low load conditions due to fluctuations caused by cyclic

variations. It is probable for the actual engine load to be marginally different than the desired value.
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A constant engine speed and fuel injection pressure of 1800 rpm an@ ATRBA, respectively,

were utilized. A comprehensive discussion of the results obtained are presented in the next section.
Due to the similarities in combustion performance and emissions trends, only thenlréshIts

(except for a few combined graphsg aresented with the 0.5 and 1.0ri\results available upon
request. Importantly, the combustion is predominantly premix burn at low load conditions, and
diffusion burn can be seen only at 9.nNor higher torque conditions. Finally, data collected
throuch various sensors and measuring equipment is filtered to compute the average and
uncertainty. Uncertainty is calculated as the standard deviation of the sample over the mean of the
samplg110]. In addition, the sequential perturbation method is utilized to compeitencertainty

of parameters which is a function of more than one measurement fblgte

Table 5: Engine operating load conditions and associated Flfor BD.

Target Engine Load () FIT (° BTDC)
0.5,1.0,and 1.5 12.0°, 12.5°, 15.0°,17.5°,20.0°, 22.5°, 25.0°, 27.5°, and 30

2.4. Results and Discussion

2.41 Performance Results

In Figure 4, equivalence ratio data are presented as a function dflThat the various loads
considered. As the FIT is advanced from the conventionat BA.DC injection timing (point of
maximum therral efficiency), the equivalence ratio increases gradually for fuel injection events
between 12.0° and 27.8TDC. Importantly, the airflow rate was relatively constant with a
maximum variation around 2.0%, 1.8%, and 2.5% for the 0.5, 1.0, andrh.Basesrespectively.
Therefore, as the FIT is advanced, the amount of fuel consumed rises progressively. Importantly,
SOC occurs before the end of compression stroke for early fuel injections. This results in energy

wasted through greater heat loss as the §lddvanced. Additionally, the possibility of double

52



compression increases due to the interaction between the expanding combustion gasses against the
compressing piston wall and the associated gasses. This enhances the amount of energy loss. There
is also agreater potential for fuel wall wetting for advanced FIT events that could lead to an
increase in the fueling requirement. As the FIT is advanced, toglimder temperature and
pressure at the time of fuel injection gradually decreases. This deterithrateptimal conditions

required for fuel vaporization and atomization; hence, enabling fuel penetration. The fuel droplets
that fail to vaporize can adhere to the cylinder walls and not participate in the combustion process
(i.e., wall wetting). The conibation of these factors (heat loss, double compression, and fuel wall
wetting) leads to a progressive rise in the amount of fuel required to maintain the set load level
with FIT advancement resulting in higher equivalence ratios for advanced injectius. eMas

trend can be observed for all three load levels considered. For injections betwéem@35.0°

BTDC, the fuel flow consumption and equivalence ratio mostly stabilize, and marginal variations
primarily result from the relative instability ofamtaining a constant engine load at these low

loads due to a significant amount of excess/atr (.15).

With respect to combustion properti€sgure5a depicts the wtylinder pressure trace for the 1.5
N-m load setting for injection timings between 12.0° and 22.5° BTDC. The black curve
corresponds to the pressure during engine motoring waduel is added. Here, the 12BTDC
injection event is the conventional FIT utilized for this engine Bithas the fuel represented by
the red curve. Advancing the FIT away from 2BODC cause$SOC to occur earlier as seen by
the separation of tha-cylinder pressure trace from the motoring curve. Notably, the flashpoint of
BD is approximately 15060°C under ambient pressure conditiphk7]. As seen fronFigure

5b, the calculated global Hcylinder temperature is greater than 400°C at 35.0° BTDC; hence,
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providing adequate conditions for autoignition of thefa@l mixture. Therefore, as the FIT is

advanced, the SOC and pealcylinder pressure timing also advasc
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Figure 4: Equivalence ratio vs. FIT for FIT sweepfor BD.

For FIT earlier than 15.0° BTDC, the peakaylinder pressure occurs before the conclusion of

the compression stroke (aka TDC) resulting in double compressionlelis to elevated 4in
cylinder temperatures-{gure5b) and ROHR FEigure5c). While most of the combustion energy
released before the piston reaches TDC is recovered during the expansion stroke, the possibility
of blow-by energy loss is higher for injection evenidtwOC occurring before the completion of

the compression stroke. Unfortunately, there is no obvious trend observed in the net and gross
IMEP data that would aid in understanding the pumping loss pattgrpe(dix Figure9).
Nevertheless, the earlier onset of combustion offers more time for heat transfer losses, double
compression effects, and fuel wall wetting subsequently resulting in an energyhisssnérgy

loss gradually increases with FIT advancement due to the combined effect of these factors.

Therefore, the amount of fuel injected to maintain the required (1rB) Nbad increases

54



progressively (seBigure4). All set points included iigure5a have distinct pressure oscillations
representig engine knock that marginally increase as the FIT is advanced between 12.0° and 22.5°
BTDC. The engine knock discussion is based on the oscillations observed inciimder

pressure trace alone.
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Figure 5: (@) In-cylinder pressure, (b) incylinder temperature, (c) ROHR vs. crank angle,
and (d) exhaust temperature vs. FIT at 1.5 Nm engine torque for FIT from 12.0° to 22.5°

BTDC with BD.
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Analogous to the ntylinder pressure, the agnitude of ircylinder temperatureF{gure 5b),

ROHR Figurebc), and exhaust temperatuFegure5d) gradually increase with FIT advancement.
Additionally, the timing of peak Htylinder temperature and ROHR shifts further into the
compression stroke. The excess fuel added to compensatedilrction in operating load due to
losses (heat transfer, double compression, and fuel wall wetting) contributes to the rise in the
cylinder temperature and ROHR. The ROHR curve profile suggests onlynaix@e combustion

event at all injection timingsonsidered. The exhaust gas temperature gradually increases as the
FIT is advanced reflecting the rise in thecylinder temperature and ROHR. As SOC advances,
the time available for energy loss through heat transfer increases that can result in lawst exh

temperatures. However, the excess fuel injected has a greater effect on the exhaust gas temperature.

Injecting fuel early leads to an extended ignition delay providing sufficient time for a more
homogeneous mixture formation. This is due to the coatipaly lower incylinder pressures and
temperatures for early FIT events as seefrigure 5a andFigure 5b, respectively The fuel
droplets require relatively more time to overcome the physical delay (atomization) and chemical
delay (thermal cooking) periods before SOC. Thus, the ignition deldydomarginally increases

for fuel injected between 1Z2.&nd 22.8 BTDC for the 1.5 Nm load condition Figure 6a).
However, the variation in the ignition delay for these setpoints is relatively low due to the higher
CR (21.2) of the test engine. In addition, the single cylinder engine under study has valve overlap.
Therefore, as the FIT is advanced, the temperatutiee residual gas gradually rises due to the
elevated exhaust gas temperatures obseivigdre 5d). This comparatively hotter residual gas
assistsin atomizing the injected fuel (seen kigure 5b as increased temperatures during the
compression stroke). Thus, theaylinder temperature and peese conditions aid in a relatively

fast vaporization and combustion of the injected fuel betweeri 42d022.8 BTDC. In addition,
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the SOC timing (almost) linearly advances into the compression stroke for these Eignts (

6b). This is typical conventional combustion behavior (discussed later).
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Figure 6: (a) Ignition delay and (b) SOC vs. FIT at 0.5, 1.0, and 118-m engine loadfor

BD.

Returning to the performance parameters, for the FIT between 22.5° and 35.0° BTDC, maximum
pressure variations were marginally low as showikrigure 7a (compared to 12.0° to 22.5°).
Initially, there is a slight rise in pressure for the 25.0° BTDC event as compared to 22.5° BTDC;
however, the magnitudes of peakcylinder pressure are comparable for setpoints between 25.0°
and 300° BTDC. The SOC marked by the separation of the pressure trace away from the motoring
curve occurs earlier in the compression stroke as the FIT is advanced. Revisiting the quantity of
fuel injected Figure4), the fuel required to maintain 1.5/ load increases as the FIT is advanced
between 22.5° and 30.0° BTDC. The equivalence ratio for fuel injection events at 30.0° and 35.0°
BTDC arecomparable while the inylinder pressure slightly decreases for fuel injected at 35.0°

BTDC (Figured). The peak pressure timing stayed within & €A window for all the FIT points
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considered inFigure 7. In addition, oscillations in the pressure trace due to Cl engine knock
gradually decrease with Fladvancement. There is minimal, or no knock observed for the 35.0°

BTDC event, yielding a smooth bedhaped pressure trace.

Importantly, the test engine (¥iaar L100V) must be run at-4eylinder pressures lower than 75

bar for safe operations as reconmaed by the manufacturer. For reasons mentioned earlier, the
peak incylinder pressure nears this safety limit for fuel injected at 22.5° BTDC and earlier. The
in-cylinder pressure exceeded 75 bar while attempting higher loads -{#.©MN\25% rated) for

FIT 20.0° BTDC and earlier. Therefore, to ensure engine safety, the operating regime was
restricted to low load conditions. Similar conclusions are drawn by other researchers attempting

PPCI at partial and/or higher load conditi¢é3, 66, 67]
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BTDC with BD.

The incylinder temperature, ROHR, and exhaust gas temperature trends were comparable to the
in-cylinder pressure results as showririgure7b, Figure7c, andFigure7d, respectively. As the
FIT is advaced, there is a marginal increase in theyilinder temperature and ROHR for fuel

injected between 22.5° and 30.0° BTDC. Analogous to toglinder pressure, there is a marginal
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drop in the inacylinder temperature and ROHR for the 35.0° BTDC evenis [tmportant to
reiterate that a decrease in thecytinder temperature and ROHR is observed even though the
amount of fuel injected was highest for the 35.0° BTDC event (comparable to 30.0° BTDC). Since
the cylinder pressure for fuel injected at 35.0°TKTis comparatively less, there is a possibility

of fuel droplets depositing on the cylinder walls. Post autoignition, the fuel droplets that are in
contact with the cylinder walls fail to vaporize and burn effectively as the temperature of the wall
is low compared to the combustion core. The combustion flame terminates on approaching the
cylinder walls. This reduction in the amount of fuel failing to combust could lead to a decrease in
the incylinder temperature and ROHR observed. More importantly, e divailable for energy
wasted through heat transfer for the 35.0° BTDC event is relatively more leading to a drop in in
cylinder temperature and ROHR. With respect to the exhaust gas temperature, following a minor
increase initially, it stayed relativelynchanged for events between 25.0° and 30.0° BTDC. The
exhaust gas temperature increases marginally for the 35.0° BTDC event indicating possible after
burn of fuel recovered from the crevice. The fuel deposited on the wall and the crevices reenter
into thecore of the chamber during the expansion stroke. These fuel particles might burn in the
later stages of combustion resulting in elevated exhaust gas temperatures observed. In this avenue,
the PM and THC emission results (presented later) could assdritifying the possibility of

fuel wall wetting.

With respect to ignition delay for setpoints considerdelgure?, the ignition delay period reduces
gradually for fuel injected between 22.5° and 30.0° BTBre6). This could be due to the
NTC behavior oBD. At lower temperatures, the oxidation of hydrocarbons can be categorized
via slow combustion, cool flames, NTC behavior, and sustainedtéigperature combustion

[118]. While slow combustion and NTC behaviors are kinetic in nature, cool flame formation and
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its propagation rely significantly on the natofdeat transfer. To better understand the chronology
of events, it is important to examine the reaction pathway of alkyl esters (or similar surrogates for

BD) at low temperaturgd.19].

In geneal, there are two reaction pathways depending on the operating temperature of the mixture

as shown irFigure8[119]. Both reaction pathways begin with the conversion of the ester RH into
alkyland alky)le st er radicals RA (Eqn. (1)) through e
both low and high temperatures), or through unimolecularrdposition which occurs only at

high temperatures. Following this, the radicals can take a preferred pathway depending on the

temperature:

a. At high temperatures: The RA radicals form
d e c 0 mp o s isdissiamBqn.l{2y). Additionally, it could form smaller radical species
R'"A through isomerization reactions. Subse
original fuel molecule.

b. At low temperatures: The alkyl and alkyls t e r radical s mithe oxi di

formation of alkyl and alkykster peroxy radicalsR& ( Eqn. (3) ) .
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Propagation channels at intermediate and high temperatures

[Eqn. 2,5 & 6]
olefinic species +R’* olefinic species | | olefinic species
+ HO,* + +OH

B-scission I . intermediate @
athigh T B \ /
RH— Re =— RO -QOOH° 0,Q00He

3 7
low T low T I

Branching channels at low temperatures [Eqn. 3 & 6] | | ketohydroperoxide +OHe

S

First-order isomerization reaction — Rate low T branching @
limiting steps [Eqn. 4 & 7] v
XOe + «OH

Figure 8: Kinetics of BD combustion at low temperatures.

Subsequently, R&A i someri ze and form hydr o{sterradicals al ky

AQOOH (Eqn. (4)). Yet again, based on the tem

a. Intermediate temperatures: decompose through &frission to form stable olefinalkyl or
olefinic alkyl-ester stable moleculeswith# ( Eqn. (5) ) .

b. Intermediate temperatures: decompose through Gbci ssi on yi el ding cycl
(Egn. (6)).

c. Lowtemperatures:£a ddi ti on resul ting i nQOPHEmMFEr oxy p
eventually forming ketohydroxyperoxide and A
results in two radicals through further branching reactions (Eqgn. (9)).

2( & 2 (12)
20 11 AEET O I ®BAEET EA A 13
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2R | o R/ (14

2/ 1A A/ | ( (15)

A1 11 ABBABEAA (16)
Al 1 (0 AU AR GERAK( (17)
Aror 1 oK (18)
Ar1aor7(® EAOT EUAOT PARAOT GEAA (19
EAOT EUAOTPAQT BEAA (20)

At lower temperatures, thex@dddi ti on reaction of AQOOHB resul
preferred. Al ternativel vy, t he direct decompo
temperatures. Thus, tishift in the reaction pathways frodirect decompositioto O addition

reaction pathways leads tohggher system reactivity. In other wdrs , the systemos
increasesslightly over a small temperature window during the transition from low to high
temperatures. The r egi onncreasesvithadecliningitempeyatute smo s r
called the NTC region. Importantly, thTC region is characterized by lower ignition delay

periods for decreasing temperaturEs3-122]. This is duea the lower activation energy required

for the direct decompos i tadditon leadihg tAl@erderodsmp ar e
Importantly, this shorter ID period is observed in a narrow initial temperature region. If the initial
temperature or theemperature of the combustion chamber at the time of fuel injection is beyond

this narrow window (higher or lower), the ignition delay period begins to increase gradually.

As discussed earlier, the-aylinder temperature and pressure at the time of fuel injection gradually
decreases as the FIT is advanced as depict&igure 9a. Therefore, as the FIT is gradually
advanced, the ID is period is expected to increase due to extended physical and chemical delay
periods. However, the {oylinder temperature at the time of fuel injection is high enough for

instantaneous evaporationdaignition resulting in relatively constant ID for fuel injected between
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12.0° and 22.5° BTDCHigure9b). This is mainly due to the higPR of the engne. This is typical
behavior observed in congentssonpal otomhastadnc
However, the ID period for FIT beeen 22.5° and 30.0° BTDC gradually decreases as seen in
Figure9b. FromFigure9c andFigure9d, it is clear that the Haylinder temperature and pressure

for these setpoints are lower than the later injection events. Yet, the ID period is marginally lower.
This initial temperature wirav between 700 and 750 K represents the NTC region for the
operating conditions considered. For these events (25.0°, 27.5°, and 30.0°), the direct
decomposition QOOHA(l6 andEqe.(47) sse pteferred dug th theEimjtial .
temperature at the time of injection. Hence, the ID observetidse events are the smallest since

the activation energy requirement for this pathway is comparatively lower. Further advancing the
FIT to 35.0° BTDC leads to an elevated ID suggesting a transition out of the NTC region. Here,
theQaddi t i on adidals gadwaiadccording to Eqhg) through Eqn(20) is preferred

due to the low initial temperature. Since the activation energy requirement is relatively high, the
ID period for the 35.0° BTDC event is relatively more. Additionally, the igoraton of

O:QO0O0HA (1%)dgsidentified as a rate limiting step.
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Figure 9: (a) In-cylinder temperature and pressure at the time of fuel injection vs. FIT, (b)

ID vs. FIT, (c) ID vs. in-cylinder temperature, and (d) ID vs. incylinder pressurefor BD.

2.4.2 Comparison ofD Trends and NTC Behavior with Literature
As discussed in theniroduction, ignition delay depends on CN and equivalence ratio of the air
fuel mixture along with the initial temperature and pressure of the charge. A brief description of

these parameters on ignition delay is as follows: t
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1. Increasing CN of the fuel: Uizing a fuel with a comparatively higher CN yields a lower
ignition delay periodl]. Compared to ULSDBD and its surrogates have a relatively longer
physical delay peri due to the excess time required for atomization of the comparatively
denser and more viscous fuel particles. However, the higher CN of these fuels dominates the
final ignition delay period due to a lower chemical delay.

2. Increasing equivalence ratio:istwell known that the ignition delay reduces with an increase
in the equivalence ratio of the mixtuf@20, 123] For this reason, the ignition delay is
considerednversely proportional to the equivalence ratio in most theoretical st[iids
126].

3. Increasing the initial pressure shortens the distance between the air and fuel molecules and
increases the collision efficiency. This improves the overall reactivity of the system and grows
the rate of the forward reaction, aka. oxidation of hydrocarfii?ig. Studies discussing the
detailed CK mechanisms of oxygenated fuels and ULSD surrogates suggest that the high
pressure chain branching reaction is 2.8 to 3.7 timsteIf compared to the low/intermediate
pressure chain termination pathwag8, 129] Therefore, the ignition delay period shortens
with increasing initial pressure of the system.

4. Increasing homogeneity of mixture: Since the fuel is injected into the combustion
chamber/vessel in Cl engines and CVCV experiments, the fuel requires more time to vaporize
and overcome the physical delay period. Alternatively, th@uairmixture is premixed in ST
systems. Thus, the homogenous mixture in ST trials are expected to have a relatively shorter

ignition delay period.

A summary of results obtained by researchers while discussing the NTC behavior of oxygenated

fuels andBD surrogates is presentad Figure 10. The key details of the type of experiment or
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theoretical study conducted and their operating conditions are givablie6. In Figure10a and

FigurelQc, the ignition delay results from ST and CVCV experiments are used fortigarison,
respectively. In these studies, dimethyl ether (DNIE)3], methyl decanoate (MO)L30], and

methyl esters derived fromatropha (JME) and palm (PME)31] were used to observe the NTC

behavior and its influence on the ignition delay period. On the other Rejuale 10b depicts CK

studies conducted usirBD surrogates, such as soy methyl ester (SME#] and MD[132]. A

brief discussion of the various trendbserved is presented hdfgurel0a ST comparison: The
ignition delay of DME a tinbld)is maginally Ibweriand higherd ) a n
than WCO (3 in black) with an approxi mate ave
the equivalence ratio of DME is greater and itsfaél mixture is homogeneous, the combination

of lower CN, leaner opating conditions, and heterogeneity of the mixture should lead to a higher
ignition delay for WCO. Reflecting on the pressure influence, DME with the higher initial pressure
bar (I in red) has a comparati vel yAltsnatvelyt er i g
DME ( in blue) with the lower initial pressure has a longer ignition delay period compared to
WCO. This suggests that the influence of the initial pressure has a greater influence on the ignition
delay as compared to the other factdmscomparison, it appears that the pressure influence on

MD ( 6 i n 3 igpin&)&ineticain @bmbination with its lower CN results in a greater ignition

delay even though it operated homogeneously at greater equivalence ratios.
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Figure 10. Comparison of obtained ignition delay resultdor BD with (a) ST, (b) CK, and

(c) CVCV studies.

1. Figure10b CK comparison: The two fuels considered for comparison have a relatively

|l ower CN t

MD (6 in

han WCO. Addi

t

onal

Yy,

SME

(with

g r e e mial préssure.eWhie the equivealencd ratio for these two

cases is relatively higher than WCO, the higher initial pressure and CN of WCO results in
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a shorter ignition delay. Alternatively, SI
comparable igition delay periods for temperatures above 700 K. However, there is a sharp
spike in the ignition delay period for temperatures below 700 K. This is due ©kthe
pathway shifting from the intermediate temperature propagation pathway to low
temperature tenination pathway. The reactivity of the system is relatively low in the
termination pathway resulting in the increase in ignition delay observed for temperatures
lower than 700 K. It appears again that the operating pressure dominates the ignition delay
period.

. FigurelOc CVCV comparison: For the JME and PME tests, the equivalence ratio is similar
to the WCO case. In addition, both fuels have a malgihadher CN compared to WCO,

but a lower initial pressure (i.e., 20 bar versus 28 bar est. average). As indicated by Oo et
al., the fuel injection pressure for both JIME and PME was significantly higher (80.0 MPa)
compared to WCO (48.0 MPa). Thus, the fopehetration caused by the higher injection
pressure could result in an extension of the chemical delay period due to heat transfer
losses. Overall, JME and PME had comparable ignition delay periods to WCO due to
generally similar conditions until the teemature dropped below around 700 K. Below 700

K, the ignition delay rises significantly due to shift in b pathway. However, the rise

in the ignition delay period of WCO is less pronounced compared to JME and PME. In
comparison with CVCV systems, thiagher turbulence available in the Cl chamber at the
time of injection assists in mixture preparation; hence, reducing the physical delay period.
This could contribute to the lesser effect on ignition delay observed at low temperatures
for WCO. Based on tise findings, the effect of the fuel properties and the initial conditions

on ignition delay period are summarizedliable?.
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The ignition delay trendsof both theoretical and experimental results from the literature

depicted inFigure 10 are similar to the results obtained in this stukhgportantly, in the

temperature window from about 700 to 800 K, the ignition delay periods of WCO were similar

to:

a ST results of DME Fjougeldan bl ue) as shown
b. CK modelling results OFgulllbE (@ in blue)
c. CVCV results of JME (I i n rHgirplocand SME

Table 6: Key details of the studies and the operating conditions used to evaluate ignition

delay via ST, CVCV, or CK oxygenaéd fuel studies.

Pressure | Equivalence
No.| Study type Fuel CN [] [bar] Ratio ] References
55.0- 13.0 and
1 ST DME 60.0 40.0 1.0 [123]
2 ST MD 47.0 161'2 g”d 0.5 and 1.0 [130]
JME and| 56.4 and
3 cvecv PME 6.8 20.0 0.2 [131]
4 | CKmodeling| SME | 510 | 1358 1.0 [124]
5 | CK modelling| ™MD 47.0 20.0 1.0 [132]
6 | Current study| WCO 52.8 15.0-40.0| 0.1t00.2 -

Table 7: Effect of fuel properties and operating conditions on ignition delay period.

. - y I n|ly Equi y Mi xt
Changing property y pressure ratio homogeneity
Influence on ignition delay @ Q@ (] (]

i n
as

(P

Additionally, there is a temperature window where the ignition delay period remains relatively

unchanged with rising temperature; hence, representing the NTC behavior. Beyond this
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temperature window (higher or lower), the ignition delay (almost) lineaifissaccording to the

initial temperature.

This comparison indicates the dependency of the CN, initial pressure, equivalence ratio, and
homogeneity of the mixture on the magnitude of ignition delay period. In this context, CK models
of ULSD/BD surrogatesely significantly on data from ST and CVCV experiments to validate
predicted ignition delay trends. One important combustion phenomenon that is critical to capture
is the NTC behavior of ULSBD. Importantly, there is a drive to operate CVCV, ST, androthe
similar systems at conditions comparable to a production efiB8e 134] In other words, there

is a need for data with experiments conducted at relatively high pressures with lower equivalence
ratio mixtures more representative obguction Cl engines. Here, the NTC behavior of WCO was
captured successfully with a highR Cl engine operating in lean conditiorfs{0.15). In addition,

the similarity in the ignition delay trends and their comparable magnitude provide further support
of pertinent data collection. Thus, the presented results provide valuable and important data that
can be utilized for validating current and future CK model studies. This is especially relevant given
the limited data available in the literature that fosuse the NTC behavior &D fuels under lean
conditions. Subsequently, validating and calibrating CK studies using experimental results
obtained from an engine with a varying pressure profile and at higher pressures would be closer to

production engine cdalitions.

2.4.3 Emission Results

Due to their importance from a regulation perspective, engine exhaust emissions were collected
and the results of a few selected species for the -rbldéd condition are presentedrigurell.

As the FIT is advanced, N@missions increase gradually between 12.0° and 27.5° BFIgGré

71



11a) befoe declining sharply for FITs earlier than 30BITDC. Following the traditional NQ

PM tradeoff, the PM (FSN) emissions decreased at the outset for fuel injection events between
12.0° and 27.8BTDC and then elevated sharply for the earlier set pointsedtwalence ratios

for these trials were between 0.170 and 0.190; hence, a significant amount of exeess O
available in the combustion chamber for all events and load conditions consiBignec: 4).
Additionally, the ircylinder temperature increases between 12.0° and 27.5° BRiD@¢5b and

Figure 7b). This combination of high temperatures in the presence of exedssdeal for the
formation of thermal N@emissions and Ngformation through the prompt NO mechanism (i.e.,

rich mixtures) is insignificant. While the -cylinder temperature is high for the 30BTDC
injection event, a marginal drop in N@®missions was observed. This decrease ir &ilssions

was comparatively enhanceatl 35.0 BTDC and was lower than the conventional timing (12.0

and 12.8BTDC).

Interestingly, NQemissions between 12.@nd 25.0 BTDC are higher than 35.BTDC even
though the ircylinder temperature for the latter event is higher. Théualk mixture is relatively
leaner (more ) for these events compared to 35.0° BTDC. Therefore, the reduced temperature
difference between the local combustion region laulél gasses has a dominating effect over the
declining NQ emissions seen at 35.0° BTDC compared to other factors (temperature and lean
mixtures). Yet again, like the earlier performance analysis, tioglinder pressure at the time of

fuel injection hasa significant influence on emissions. Overall, NtD 35.0 BTDC was about

2.5% lower than the conventional FIT. Additionally, the NdD 35.0 BTDC was about 61.5%

less than the maximum NQ@ecorded at 27"5BTDC. In contrast, a marginal 3.7% decrease in

combustion efficiency was observed between the peak combustion efficiency setpoint to 35.0°
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BTDC. The ignition delay for the 35.BTDC event was about 67% longer than the conventional

FIT setpoint (12.0° BTDC). This excess time available assists inrigranimixture that is more
homogeneous compared to the fuel mixture obtained with conventional FIT. Fhelairixture

is still stratified; however, the distribution of the fuel is relatively more even for fuel injected at
35.0 BTDC. The absence of odaitions in the ircylinder pressure trace suggests that the increase

in pressure post SOC was relatively more gradual and uniféigure 7a). These eécts aid in

the reduction of the temperature difference between the local combustion zone and the bulk gas;
hence, lower NQobserved at 35.0° BTDC. Importantly, Dickey et al. elucidate that reducing the

temperature difference between the local combuségion and the bulk gas assists in decreasing

NOx emissiong8].
60 0.1 75 : : 20
.
50 M 0 PMI[g/kw-hr] 0.08 O THC [g/kw-hr]
$ 60 o) 15
= ¢ e — =
£ 40 1 0 006 = E T
z ¢ & = =
= = <45 me
=2 . [0 .g R =
Q" 30 o) 004 ¥ 9 i m 3
B m
20 8 0.02 0pEy s ) ¢ 5
) @ : :
3 Gl ? ON0) ) O
&
10 2l i 0 15 Q0 0
10 15 20 25 30 35 40 10 15 20 25 30 35 40
a R 2 % S
(@) Fuel Injection Timing [* BTDC] (b) Fuel Injection Timing [* BTDC]

Figure 11. (a) Nitrogen oxides, FSN, andPM, and (b) CO and THC emissions at 1.5 Nm

load for various FITs with BD.

In Figurella, PM decreases initially (between FITs 12.0° to 25.0° BTDC) due to increasing in
cylinder temperatures. When theaylinder temperature begins to level out and then decline, PM

emissions sta to rise slightly for the 27%5and 30.0 BTDC events followed by a rapid rise at
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35.0° BTDC. Interestingly, the htylinder temperature is higher at 35BIDC than compared to
the setpoints between 12#hd 25.0 BTDC. RecallingFigure4, the fuel injected at 35°BTDC
is significantly greater than the fuel injection events betweer! 48d25.0BTDC. As discussed

earlier, the is due to a combination of gradually increasing heat transfer losses, double
compression effect, and fuel wall wetting with FIT advancement. This suggests the possibility of

declining combustion efficiencies for FITs earlier than 3BUDC. As seen irFigure 12, the
combustion efficiency increases for events between°l12n@ 25.0 BTDC. However, the

combustion efficiency gradually deteriorates and ehisr a sharp decline in the combustion

efficiency for the 35.0BTDC event.
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Figure 12 Combustion efficiency vs. FIT at 1.5 Nm for BD.

This theory is further substantiated by the products of incomplete combustion: CO and THC. The
general trend as seenhigurellb depicts that both TE and CO emissions decrease as the FIT

is advanced between 12#nd 22.8BTDC. As discussed earlier for these events, theyimder

temperature and fuel flow rate increase gradually (in the presence of exfessnOe, ensuring
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complete oxidation ofhe fuel. This is also represented by the increasing combustion efficiency
for these setpointd={gure 12). As the FIT is advanced further, a sharp @ase in both CO and
THC emissions can be observed beginning at*Z5TDC. Yet again, the htylinder temperature
continues to increase for FITs between 2%u0d 30.0 BTDC. Alternatively, the fuel flow rate
stays relatively constant for these set pomitsl.5 Nm load conditions. The combination of
increasing ircylinder temperature between 25ahd 30.0 BTDC, and rising CO, THC, and PM

emissions suggest the following:

1. The cylinder pressure at the time of fuel injection directly influences the arabaylinder
wall wetting; specifically, lower itylinder pressures result in higher fuel deposits. Here, the
amount of fuel failing to participate in combustion due to wall wetting depends more on the
pressure at the time of fuel injection compared tcsthiEsequent Heylinder temperature.

2. Since the SOC timing shifts further into the compression stroke, the amount of time available
for heat transfer losses increases. This results in poorer combustion and fuel conversion

efficiencies and elevated incomfecombustion products (CO and THC).

To overcome low load restrictions, one or more of the following alternatives can be attempted:

1. EGR: EGR enables an increase in ignition delay while additionally lowerhnylimder
temperatures enabling a furtherwetion in NG emissions often without a significant loss in
combustion efficiency.

2. Utilizing ethanol as a pilot fuel throud®FI. Mixing ethanol with air througRFI strategy will
aid in extending the ignition delay as ethanol has a relatively low CN. This method would also

assist in eliminating the carbdrased emissions (CO and PM) compared to using EGR.
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3. Reducing th&€R: A significant restriction of achieving PP@hs the relatively higkiR of the
engine (21.2). Reducing theR of the engine would lower the peak-gglinder pressure;

hence, enabling the extension of the operating load level.

2.4.4Comparison of ULSD andD

The amount ofBD utilized during the exgriments mostly grew in comparison to ULSD as
presented iMable8 [108]. Initially, the fuel consumption dBD was lower than ULSD for the
conventional injection event. Typically, contrary to these results, the magnit&d® ainsumed

is higher than ULSD due to its lower energy content. Here, all operating parameters were set
constant betweeBD and ULSD tests tmaintain consistency while comparing. Nevertheless, this
anomaly could be due to subtle differences in ambient conditions (e.g., intake air temperature,
humidity, and ambient temperature and pressure) that is magnified under relatively low load
conditions As the FIT was advanced, the amounB&f required to maintain the engine torque

was higher than ULSD. Since there is only a small amount of fuel added in all scenarios, the higher
viscosity of BD causing a comparatively poor atomization process is llamggated, and the
mixture is assumed to be relatively more homogeneous. Therefore, the lower energy content of
BD becomes the main factor in the rise of fuel consumption.

With respect to performance parameters, results of ULS[BBrat MBT, 25.0°, an@5.0° BTDC
injection timings at 1.5 Nn load conditions are depicted gure 13. The peak ircylinder
pressures were marginally higher for ULSElgure13a) due to the lower energy content3i.

This is buffered slightly by the dissociation of more energetic double bor®lS compared to

ULSD. In addtion, the peak ircylinder pressure timing was slightly earlier 8D due to the

higher CN ofBD. It is important to note that the differences in the magnitude of peak pressure and

its timing between ULSD anBD were approximately 0.5 to 2.0 bar and 0&22.0° of crank
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angle, respectively. Similar results of highecilinder pressure and delayed peak pressure timing

of ULSD as compared 8D were obtained by several other stud&3 135]

Table 8: Percentage increase ilBD consumption compared to ULSD.

Engine torque (Nm)

FIT (° BTDC) 0.5 1.5

Conventional -4.40% -5.21%
25.0 3.42% 2.89%
27.5 0.80% 2.89%
30.0 0.48% 2.92%
35.0 2.00% 4.36%

The incylinder temperatureHgure 13b) and ROHR Kigure 13c) for BD and ULSD largely
follows the incylinderpressure trend at all points considered. As intended, the ignition delay and
SOC results for both fuels at MBT timing are comparabigure13d). The physical delay period

for BD is expected to be higher than ULSD as its higher viscosity and density results in a delayed
fuel breakup and vaporization. In particular, the conversion of heavier molecBlBsrab lighter

and volatile molecules during the injection process takes a longer dufghareremadu and
Rutto, 2010) However, the higher CN and the presenc®gpin BD ensures that the chemical
delay period is shorter. This results in a briafgntion delayand earlier SOC as compared to
ULSD. This can be seen clearlykigure13d where the ignition delay &D decreases gradually

as the FIT is advanced. For the 35.0° BTDC injection event, the SOC timiigafcurs at 15.0°

as compared to 13.8° BTDC for ULSD. On the other hand, there is a temperature window where
the ignition delay period remains relativelychianged with increasing-cylinder temperature.

Like BD, this represents the NTC behavior of ULSD.
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Figure 13: (a) In-cylinder pressure, (b) incylinder temperature, and (c) ROHR vs. crank

angle, and (d) exhaust tempature vs. FIT at 1.5 N-m engine torque for MBT and 35.0°

BTDC FIT.

With respect to emissionBD6 s x 8htissions were generally lower at all points due to the lower

in-cylinder temperatureHgure 14a). Importantly, the global equivalence ratio wlBD is

relatively less due to the excedscontained in the fuel. Interestingly, N@r BD was lower at

78



35.0° compared to the conventional injection timing for ULSD (1IR.8/hile the amount of fuel
injected was lower, PM emissions were greater for ULSD at all setpoints except foBBBO.
Additionally, CO and THC emissions for all the fuel injection eventsewegher for ULSD
compared toBD (Figure 14b). The magnitude of the -Heylinder temperature and pressure is
relatively low for fuel injected at 35°BTDC. Therefore, the combustion chamber conditions do
not favor instantaneous vaporization of the injected fuel. In addition, the comparatively higher
viscosity and density dBD further extend the physical delay process. The combination of these
two reasongncreases the possibility of fuel wall wettitigat results in increased PM emissions
However, CO and THC emissions for the 35BIDC event are marginally lower fd8D
compared to ULSD. Therefore, the higher PM recorded at this setpoiBDfarould be an
anomalous reading from the Smoke Meter. In general, the absedgm@fLSD has a dominating
effect on the emissions related to products of incomplete combustinrirenggh its ircylinder

temperature is slightly greater.
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Figure 14: Comparison of ULSD andBD (a) NOx and PM, and (b) CO and THC emissions
at 1.5 N'm load for various FITs.
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2.5. Conclusion

To comply with theemission norms of the future, it is imperative to address the difficulties
associated with alleviating the NM®M tradeoff in Cl engines. LTC is a popular approach that has
proven successful in the simultaneous reduction of i@l PM emissions. In pardlleD is

popular due to its ease of production and sustainable nature. Knowledge of the performance and
emissions characteristics®D while operating in the LTC regime is limited. Due to its simplicity,

LTC by varying the FIT (i.e., PPCI operation) watempted usindD extracted from WCO as

the test fuel. FIT sweeps (1210 35.0 BTDC) at 0.5, 1.0, and 1.5-M low load conditions were
conducted on a comparatively higiR (21.2) single cylinder Cl engine. Based on the results

obtained, the following Kkeconclusions can be drawn:

1. As the FIT is advanced, SOC moves gradually into the compression stroke. When ignition
occurs before TDC, the expanding combustion gasses and the compressing fresh charge
interact creating a double compression effect. Sinagtaop the combusted fuel energy goes
wasted due to heat transfer and wall wetting, the fuel required to maintain a preset engine
torque increases.

2. Due to the combination of an elevated fuel quantity injected and the double compression effect,
the incylinder pressure, temperature, ROHR, and exhaust temperatures gradually rise as the
FIT is advanced between 12.0° and 30.0° BTDC.

3. Contrary to expectation, the ignition delay period remains relatively unchanged for FITs
between 12.0° and 22.5° BTDC. The h@R of the test engine assists in achieving a relatively
constant ignition delay irrespective of the amount of fuel injectedtiregin a linear shift in
SOC timing. However, there is a gradual decline in the ignition delay period for events between

22.5° and 30.0° BTDC due to the NTC behavioBBfcombustion. Finally, the ignition delay
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increases once the initial temperaturéhaf combustion chamber at the time of fuel injection
moves away from the NTC window.

a. For the 35.0° BTDC event, a decline in theciydinder pressure, temperature, and
ROHR were observed. Additionally, oscillations in the pressure trace representing
engineknock disappear suggesting smoother combustion. The gradually declining
pressure and temperature of the combustion chamber at the time of fuel injection
appears to have a dominating effect on ignition delay and the combustion pathway.
This could be due t@nergy loss through heat transfer, flame quenching due to
excessive wall interaction, or incomplete combustion due to cylinder wall wetting.

4. Ignition delay trends obtained with the engine were comparable to both theoretical (CK
modelling) and experimentatudies (ST and CVCV) presented in the literature. The NTC
behavior of WCO and its influence on ignition delay were successfully captured using a high
CR CI engine operating in lean condition§ £ 0.15). Therefore, the data presented could
potentially asst in improving and validating current and future CK modelBDfsurrogates.

5. With respect to emissions, N@nhcreased initially for FIT events between 12.0° and 27.5°
BTDC due to the excess availability ob @Qean conditions) and an increasingciylinder
temperature. This can be correlated with decreasing PM, THC, and CO emissions for these
events. Alternatively, NObegins to decrease at 30.0° BTDC and for a FIT of 35.0° BTDC,
NOx is significantly lower. The extended ignition delay observed for 3BTDC assists in
forming a more homogeneous mixture that spreads across the combustion chamber. This
results in decreasing the temperature difference between the local combustion zone and the
bulk gas; hence, reducing N@missions. In parallel, PM, CO,&@THC emissions begin to

increase for 30.0° BTDC and earlier injection events due to a greater level of wall wetting.
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6. Comparing ULSD withBD, the general trends of both performance and emissions were
similar. The amount dBD consumed to achieve the nesa&ay load was greater compared to
ULSD due to its lower energy content. Nevertheless, combustion of ULSD recorded higher in
cylinder pressures, temperatures, and ROHR. ULSD had an extended ignition delay compared
to BD due to its lower CN. The higher CNsha predominant effect over ignition compared to
otherBD physical properties, such as viscosity and density. Finally, RM, CO, and THC
were generally higher for ULSD compared®D. While the elevated taylinder temperature
had a dominating effect ddOx emissions, th®©. contained irBD appears to have a greater

influence over mitigating incomplete combustion products.
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Chapter 3: Effect of Exhaust Gas Recirculation on Combustion Characteristics dfiltra Low

Sulfur Dieselin Conventional and PPCI Regimes

Abstract

A series of experiments were conducted aiming to alleviate thedfadetween nitrogen oxides

(NOx) and particulate nteer (PM) emissions by operating in the Partially Premixed Charge
Compression Ignition (PPCI) regime. PPCI was attempted at low load conditions by utilizing a
combination of Fuel Injection Timing (FIT) variations in the presence of Exhaust Gas
Recirculation (EGR). The FIT was moderately advanced from the conventional FIT (12.5°) to
30.0° Before Top Dead Center (BTDC) in 5° crank angle steps. In addition, an EGR sweep (0%,
7%, 14%, and 25%) at all FIT set points was conducted. For all EGR rates considesedirg

the FIT lead to a gradual rise in the equivalence ratio of the mixtweylinder pressure,
temperature, and ROHR at all EGR rates due to energy losses associated with ignition occurring
before the end dhecompression stroke. PPCI was sucfidgsachieved with a minimal negative
impact on the performance parameters using a combination of FIT advancement in the presence
of high rates of EGR. Specifically, the PM emission results for fuel injected at 25.0° BTDC and
25% EGR was about 59% lessidntal hydrocarbons (THCs) were about 25% lower as compared

to the conventional FIT (12.5°) without EGR. Moreover, carbon monoxide (CO) and NO
emissions were comparable for these setpoints. Similar results of lowePNOCO, and THC
emissions were oained at 20.0° FIT with 25% EGR as compared to the conventional injection

timing without EGR.

3.1. Introduction
The combustion efficiency of Cl engines depends on the quality of tieehimixture and its

spatial distribution in the combustion chambghnis quality is primarily a function of the fuel
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injection pressure;IT, and theCR of the engind136-138]. Additionally, the spatial distribution

of the airfuel mixture depends on the piston bowl and combustion chamber gedizy

Before the SOC, if the afuel mixture is homogeneous and its distribution is uniform, combustion

is kinetically controlled by the rate of the reactj@d0]. This reaction rate is largely a function of
pressure, temperature, type of fuel, and equivalence[l@j. Once the required autgnition
temperature is achieved, the mixture ignites instantaneously without significant temperature and
heat flux gradients. This typically yields combustion with comparatively high flame tetapes

and, with the excess availability ob@he combustion efficiency is relatively higt].

Contrarily, if the airffuel mixture formed is heterogeneous, and/or tetial distribution of the
mixture is uneven, combustion is diffusion controlled. In this case, fuel pockets in the combustion
chamber autagnite at dissimilar times depending on the local equivalence ratio and energy
available. Here, the temperature difnce between local combustion and global gas is
comparatively greater due to gradients in temperature and heat flux. Since energy is transported
through diffusion, the reaction speed is limited by the diffusion rate of the gas in the chamber
[140]. One significant disadvantage of diffusioantrolled combustion is the undesired exhaust
emissions generated. While there have been signifitgmbvements in technology and the design

of injection systems used in Cl engines over the last two decades, due to-tmeaohehavior

of the engine, control over diuel mixture preparation is limited restricting combustion to be
mostly diffusion ontrolled. Therefore, conventional combustion restricts the ability to reduce
undesired harmful exhaust emissions, such as &@ PM. Importantly, their simultaneous

reduction is a significant challenge.

As discussed earlier in Chapter 1, LTC has thentiatieto defeat the NOPM tradeoff. Due to the

ease of its implementation, PPCI combustion, a variant of LTC, was attempted utilizing ULSD as
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the test fuel in an earlier work by the autfi@8]. The FIT was advanced in small steps aiming to
increase the ignition delay (ID) period and improvexture homogeneity. As seen from
experimental results obtain¢tl08], the ID period remained relatively constant for most of the
cases considered. Importantly, the higR of the engine compelled SOC to occur before the
completion of the compression stroke. Additionally, to ensure enginey,s#tiet engine was
restricted to operate at low load conditions (i.e., preventing highlinder pressure rates) due to

SOC BTDC.

To extend the ID while potentially expanding the operating load conditions, employing EGR is a
popular choice. EGR providéise added benefit of reducing N@missions. As discussed earlier
(Chapters 1 and 2), the combination of high combustion temperatures and exagagaDility

is ideal for the oxidation of Ncontained in the air to form NOWhen exhaust gas is reciratédd,

the concentration of £n the airfuel mixture reduces. Moreover, exhaust gases contain heavier
molecules such as CO and §@hat are inert to the combustion reaction and act as a diluent;
thereby, reducing the combustion temperature. By decrebsihgthe Q concentration and the
combustion temperature, it is possible to reduce &issiong10, 6062, 65, 6770, 72, 73, 75]
Furthermore, theombustion regime can shift to LTC at high rates of EGR due to the dominance
of low temperature heat releasgKs. This is the important difference between LTC and
conventional combustion whe@Ks predominantly lead to a higamperature heat releaf,

66, 68] Utilizing hot EGR gasses also elevates the combustion chamber temperature before SOC
that assists in fuel atomization by evaporathmginjected fuel. Overall, EGR is the most common
strategy utilized when attempting to operate in the LTC regime. However, utilizing EGR has
certain disadvantages including a reduced combustion efficiency and an elevate{ilBS&X;

64, 72] In addition, increasing the EGR rateMolwer the combustion pressure, temperature, and
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ROHR[65, 67, 70] As a result, CO, THC, and PM emissions are generally higher when employing

EGRI[10, 6662, 65, 6770, 72, 73, 75]

Overall, there is exhaustive evidence in the literature showing that varying the FIT in the presence
of EGR can assist in reducing the NEM tradeoff.Specifically, LTC can be accomplished with

the PPCI strategy by obtaining instantaneous autoignition of a (largely) homogeneimes$ air
mixture by extending the ID period through modulating the level of EGR and FIT. This approach
is applicabldgor bothBD and ULSD utilized in a Cl engine. Other techniques, such as employing
fuel additiveg141, 142] waterinjection[143], and emulsiongl44], can also assist in achieg

LTC. However, these are not feasible due to restrictions in their practical implementation.
Therefore, a series of experiments were conducted at the University of Kansas (KU) aiming to
achieve PPCI through FIT modulation and EGR strategies. The destbtthe experimental

setup utilized, and the standard operating procedure followed can be found in Chapter 2.
Additionally, a zeredimensional heat release model has been employed to compute
thermodynamic parameters, such as theyimder temperatureROHR, ID period, and SOC
timing. Details of the heat release model can be found in the work of Mattsorjlet4l. The

engine operating parameters selected are presented next before discussing the obtained results

3.2. Experimental Conditions

To recap, the plsrcal properties of ULSD utilized in this study are presentedahle 9.
Additionally, engine operating load conditions were consistent with theerearbrk (no EGR

case) to ensure normalized comparison of re$uLlt8]. However, a few intermittent FIT points

were eliminated as the combustion performance and emission results obtained at these intermittent
points were similar and did not add anything significant to the trends observeasgedan
Chapter 2). With respect to EGR, experiments were conducted to estimate the maximum EGR rate
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achievable at low load conditions. It was found that 25% EGR was the maximum attainable EGR
rate at the 0.5 Mn load level. Therefore, 0%, 7%, 14%, and®%EGR rates were selected as the
operating points. Overall, the FIT, EGR, and engine load settings at which engine performance
and emissions data were collected are presentédhlile10. Since the combustion performance

and emission trends of all three load conditions were similar, only the-in3ddd results are
presented. The results of the 0.57mNand 1.0 Nm are preseerd in the Appendix. The standard

operating procedure followed during data collection is described in Chapter 2.

Table 9: ULSD fuel properties [98].

Property ULSD

Density (kg/n) 839.60 £ 0.01
Kinematic Viscosity (cSt) | 2.481 £ 0.001
Dynamic Viscosity (cP) 2.083 + 0.001

CN 42.3
Energy Content (kJ/kg) 45494 + 44
H/C molar ratio 1.80 £ 0.04

Table 10: Engine operating load conditions and associated EGR and FIT settings.

Target Engine Loads @) FIT (° BTDC) Target EGR Rates (%)
0.51.0,and 1.5 12.0 15.0, 20.0, 25.0, and 30. 0.0, 7.0, 14.0, an@5.0

3.3. Results and Discussioil Combustion Performance Parameters

3.3.1 Effect of Advancing FIT

The influence of FIT on the equivalence ratio of ULSD is presentBayurel15. Initially, for the

0% EGR case, advancing the FIT from the MBT timing (12.5° BTDC) led to a gradual increase in
the equivalence ratio for all three load conditions. This is due to the eady @ combustion and
associated energy loss (explained in the following section). A similar trend of increasing fuel

consumption with advancing FIT was recorded at 7%, 14%, and 25% EGR rates
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Figure 15: Equivalence ratio vs. FIT at (a) 0.5 Nm, (b) 1.0 Nm, and (c) 1.5 Nm load

conditions for ULSD with EGR.

Additionally, the fuel consumed was highest for the 1-8 iFigurel5c) load condition and least
for the 0.5 Nm (Figure15a)load conditon at all EGR and FIT setpoints considere#igurel5.
As expected, operating at higher loads requires moreilifl.respect to BSFC, the general trend

expected is for it to gradually rise with advancing FIT due to an increase in the amount of fuel
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required to maintain a constant engine load and associated heat transfer losses. However, there is
no clear trend noteable inFigure16a due to difficulties associated with maintaining a constant
engine torque during the data acquisition period. As depictédgure 16b, the actual engine

torque is marginally higher or lower than the required setting (d19).NI'he ultralean operating

conditions cause combustion vdnilgy; hence, skewing the BSFC trends.

With respect to performance parameters, advancing the FIT generally resulted in a gradual increase
in the incylinder pressureNigurel7a), temperaturejgure17b), and ROHRKigurel7c) for the

0% EGR rate. In addition, the timing of the peakcity | i n d e r -mpxp&ssystampesatuiie d

( thaXyemperawrp , @ n d -rRa®@AJHR) mOsty occur earlier in the compression stroke as the

FIT is gradually advanced. The values of peakyfinder pressure, temperature, and ROHR, and

t he cor r enspr@siiedmargnperdir@ndd-maxgonrareprovided inFigure 1& Figure

18e and Figure I8&espectively assist in better understanding eéhieends. Similar results of

a dv an emaxpgssure d-M@Xremperature@ N dmMaxikonr, and rising ircylinder pressure and
ROHR with FIT advancement were obtained by other reseaf@tesl, 63, 64, 70lmportantly,

the ignition timing moves further into the compression stroke as the FIT is advanced. This can be

seen by the early separation of theylinder pressure curve away from the motoring curve.
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Figure 16: (a) BSFC and (b) Engine torque vs. FIT at 1.5 Nn load condition for all EGR

rateswith ULSD.

The SOC and ignition delay details presentdeigurel7d also reflect this outcome. Since ignition
occurs a few degrees before TDC for fuel injected at 15.0° BTDC and earlier, the expanding
combustion gasses interact with the compressing pistmmaesulting in the double compression
effect. However, a majority of this energy is recovered during the expansion stroke. Nevertheless,
the interaction of the flame with the compressing gasses increases its interaction with the wall
resulting in combusgin flame quenching. In addition, as the SOC timing advances into the
compression stroke, the time available for energy loss through heat transfer rises gradually. Thus,
the amount of fuel required to maintain a constant engine load increases margiedlytde
combination of the energy loss through flame quenching and heat transfer losses. This results in
the higher equivalence ratio observed-igure 15, and the corresponding rise in theciylinder
pressureKigure 1&), temperatureigure 1®), and ROHRFKigure 1&) for FIT events between

12.5 and 25.0BTDC.
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Figure 17: (a) In-cylinder pressure, (b)in-cylinder temperature, (c) ROHR, and (d) ID and

SOC vs. FIT at 1.5 Nm load condition for 0% EGR with ULSD.

Interestingly, the oscillations in the pressure curve representing Cl knock can be observed for most
set points. However, these oscillations aetatively negligible for the 30.0° BTDC event
suggesting gradual combustion of a comparatively more homogenedus! anixture (also seen

in prior work[108]). Here, the CI knock discussion is based solely on the oscillations observed in

the incylinder pressure curve, and no exclusively knacalysis was performed. In addition, the
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peak incylinder pressure, temperature, and ROHR for the 30.0° BTDC are marginally lower than
the 25.0° BTDC ever(Figure 18a, b, and cAs discussed in an earlier chapter, in addition to the
excessive heat trafer loss, this decline in ROHR observed at 30.0° BTDC could be due to: (a)
transition in combustion from conventional to LTC, or (b) deteriorating combustion efficiency.
The emission results and the comparison of ignition delay versudimuler temperatre at the

time of fuel injection data (presented later) will assist in making this conclusion.

I nterestingly, t he-maxpessthatcanddiseen figureA8dAshthe FIT r end
is advanced bet ween -nagessMovesrnt the GompressioB JirbkeE. d
However, itshifts towards TDC for fuel injected at 25.0° BTDC. This is due to the NTC behavior

of ULSD in CI engines and is explained in the following section with the aid of ID versus in

cylinder temperature plots.

Moving forward, the ID marginally reduces as the FIT is advanced between 12.5° and 20.0° BTDC
(Figure 17d) for the 0% EGR case. The ID period for the020and 25.0° BTDC events are
comparable. In general, this suggests that the GRIof the engine (21.2) ensures that the in
cylinder pressure and temperature at the time of fuel injection are sufficiently high for
instantaneous vaporization followed byiigon. However, the itylinder temperature at the time

of fuel injection gradually reduces as the FIT is advanced between 12.5° and 30.0°BJWe (

19a).
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Figure 18 Peak in-cylinder (a) pressure, (b) temperature, (c) ROHR, anaorresponding
crank angle position of (d) pressure, (e) temperature, and (f) ROHR vs. FIT for 1.5-f

load condition with ULSD.

Nevertheless, the ID decreases gradually for FIT advancement between 12.5° and 25.0° BTDC as
seen inFigure19 andTable11. As explained in Chapter 2, this is due to the NTC behavior of
ULSD [118, 120122]. Briefly, at high initial temperatures, the-irel mixtures prefer a channel
propagation pathway resulting in ignition followed by relatively higérgnrelease. Alternatively,

at lower initial temperatures, the fuel prefers a chain branching pathway and subsequent ignition.
Importantly, the reactivity of the charge increases reduces during the transition from the channel
propagation to the branch pagation pathways, or due to the competition in the two available

pathways. In other words, a temperature window exists in which the decreasing initial temperature
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causes an increase in the reactivity of the system. This region is called the NTC rdgiwar A

ID period is a welknown characteristic of afiuel mixtures in the NTC regiofi18, 120122].

For instance, the ID periods for the fuel injected at 12.5° and 15.0° are greater than 20.0° and 25.0°
events though the iaylindertemperature at the time of injection is higher for the former events

(Figurel9a).

Alternatively, there is a sharp rise in the ID for the fuel inje@e80.0° BTDC. This is also
reflected by the SOC trend that sharply moves away from the (almost) linear pattern for the 30.0°
BTDC event Figure 17d). This indicates that the relatively low-aylinder temperature and
pressure at the time of fuel injection switches the kinetics to a pathway which has a comparatively
lower reactivity. Additionally, the lower taylinder pressure at the time of fuel injectienhances

fuel penetration resulting in fuel wall wetting. The fuel that adheres to the combustion chamber
walls (aka, wall wetting) fails to participate in the main combustion process. This can be further
established through incomplete combustion pr&l(€€0 and THC emissions), as described in the
following section. As a result, it can be assumed that this extended ID provides the necessary time
to create an aifuel mixture with better homogeneity as compared to conventional combustion. It
is importantto note that the aiiuel mixture for fuel injected at 30.0° BTDC is still stratified.

Especially, contrasted to the homogeneity of mixtures obtained thR¥igystems.
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Table 11: Ignition delay period and in-cylinder temperature at the time of fuel injection for

all set points considered at 1.5 Mn load condition.

FIT [° BTDC]
EGR Rate 12.5 15 20 25 30
0% 1. 194 1.185| 1.167| 1.167| 1.704
7% 1.157| 1.13| 1.111| 1.13| 1.685
14%| ID [ms] 1.157| 1.13| 1.093| 1.111| 1.685
25% 1.176| 1.167| 1.148| 1.111 1?03[
FIT [° BTDC]
EGR Rate 12.5 15 20 25 30
0% | In-cylinder 770.93( 767.04| 733.98| 699.81| 651.54
7% tgmﬁgrfi‘:ﬁg 782.21| 777.67| 742.1| 706.93| 658.71
14%| of injection |___784.79| 778.74| 743.76| 710.64| 660.12
25% [K] 788.55( 781.52| 746.39| 710.49| 661.18
950 T T 2.2 I T
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Figure 19: (a) In-cylinder temperature at the time of fuel injection and (b) ID vs. EGR rate

at 1.5 Nm with ULSD.
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Subsequently, the {oylinder pressure, temperature, ROHR, and SOC/ID trends for 7% EGR
(Figure20), 14% EGR Figure21), and 25% EGRKigure22) are comparable to the 1##GR case.

As depictel in Figure20a, Figure2la, andrigure22a, analogous to the 0% EGR case, as the FIT

is advanced the magnitude of peak pressure gradually rises for FIT between 12.5° and 25.0° BTDC
(Figure 18a)In addition, the combustion pressure declines marginally for the 30.0° FIT compared

to the 25.0A BTDC event . -nakedud(Figure i8dymovesinto 0 % E G
the compression stroke between 12.5° and 20.0° BTDC for 7%, 14%, and 25% EGR rat

H o we v enexpressudsShifts towards TDC for the 25.0° BTDC for all three EGR cases. In

addition, the oscillations in the pressure curve are negligible for the 30.0° BTDC event.

Similar to the combustion pressure, the combustion temperature and REdR for the 7%

(Figure 20b andFigure 20c), 14% Figure 21b andFigure 21c), and the 25%Higure 22b and
Figure22c) EGR cases are comparable to the 0% EGR case. The combustion tem(feratree
18b)gradually ncreased as the FIT was advanced due to the excess fuel injected. This excess fuel
is required to compensate for the energy loss through heat transfer, double compression effect, and
flame quenching to maintain a constant operating load. The combustipartgore and ROHR

marginally decline for fuel injected at 30.0° compared to the 25.0° BTDC event.

Finally, the ID and SOC trends for the 0%, 7FigUre20d), and 14% EGRHKjgure21d) cases

were comparable. Recalling thedglinder temperature at the time of fuel injection, advancing the

FIT graduallyreduces the temperature for 7%, 14%, and 25% EGR rates. Nevertheless, the ID

gradually decreased with FIT advancement between 12.5° and 20.0° BTDC. Therefore, a

noticeable temperature window exists where the decreasing temperature leads to a marginal
decrase in the ID period as seenFigure19. Importantly, the lowest ID for 0%, 7%, and 14%

EGR cases was observed for fuel injected at 20.0° BTDC.
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Figure 20: (a) In-cylinder pressure, (b) incylinder temperature, (c) ROHR, and (d) ID and

SOC vs. FIT at 1.5 Nm load condition for 7% EGR with ULSD.

Alternatively, the least ID for the 25% EGR case occurred for a FIT atBSDC. This marginal
difference in the ID shift observed could be due to cyclic variations or caused by a change in the
kinetic behavior in the NTC region due to the presence of excesar@r due to the lack ofz0
Unfortunately, there are no kineticugies reported in the literature that support or reject this

theory. Similar to the 0% EGR case, the ID period remains comparable at 25.0° BTDC while
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increasing significantly at 30.0° BTDC for 7%, 14%, and 25% EGR rates. As discussed earlier,
this is cause by an increase in the cylinder wall wetting due to fuel penetration that slows down

the atomization and ignition process.
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Figure 21: (a) In-cylinder pressure, (b) incylinder temperature, (c) ROHR, and (d) ID and

SOC vs.FIT at 1.5 N-m load condition for 14% EGR with ULSD.
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Figure 22 (a) In-cylinder pressure, (b) incylinder temperature, (c) ROHR, and (d) ID and

SOC vs. FIT at 1.5 Nm load condition for 25% EGR with ULSD.

3.3.2 Effect of Increasing EGR
Increasing the rate of EGR from 0% to 7% lead to an approximate 10% rise iruthalesce
ratio as shown ifrigurel5. This was true for all FIT and load conditions. Similarly, a further 10%

(approximate) rise in the equivalenceioawvas observed for the subsequent jump in EGR from
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7% to 14%. Furthermore, for the 25% EGR setpoint, there is a sharp increase in the equivalence
ratio observed (between 25% to 28%) compared to the 14% EGR case. In summary, the
equivalence ratio for thes2 EGR case was about 52% to 57% higher than the 0% EGR setpoint.
Nevertheless, it is important to note that the highest equivalence ratio recorded is approximately
0.26 for the 1.5 Nm load condition with 25% EGR. Therefore, sufficienti®still availate in
comparison to the amount of fuel injected. Increasing EGR typically leads to an elevated BSFC
due to the increase in the amount of fuel required to meet the engif@lp&f, 66, 7QJHowever,

the BSFC datahown inFigurel6a do not indicate a specific trend. As discussed earlier, the cyclic

combustion variations of the engine skew the trend of BSF@eat aet pointsKigure16b).

Thein-cylinderpressure, temperature, and ROHR decrease with increasing EGRemtagure
18). As the EGR rate is incased, the amount of:@isplaced by Cerises. Thus, the general trend

of declining combustion temperature, pressure, and ROHR is due to:

1. The excess COin the intake acts as a diluent (i.e., heat sink) and is mostly inert; hence,
reducing the reactivityfdhe charge in the combustion chamber.

2. The reduction in the availability of Qowers the rate of oxidation of the hydrocarbons
resulting in lower chemical energy released. Additionally, the released energy is absorbed by
the CQ as it has a higher heedpacity.

3. Additionally, since EGR is relatively hot, the higher temperature at the time of fuel injection
assists with fuel evaporation and results in a subsequent earlier SOC. Thus, increasing the EGR
lowers the ID period that results in less constahime-like combustion.

4. Somewhat counterbalancing these effects is the greater equivalence ratio that results in a higher

adiabatic flame temperature as EGR is increased.
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As expected, the magnitude of the peak pressure marginally declines for all FITts€Egure
18a)with increasing EGR. The maximum decline in the pressure between 0% and 25% EGR rates
was about 6.4% for fuel injected at 12.5° and 20.0° BTD@ble 12). The corresponding
minimum decline was about 2% observed for the 30.0° BTDC event. Analogous to the pressure,
in-cylinder temperature gradually declines with increasing EGR rate for all FIT [{bigisre

18b) A maximum incylinder temggrature decline of 4.2% was observed at12d a minimum

of 2.6% was seen at 30.BTDC. Overall, the magnitude of decrease in theyilinder pressure

and temperature are relatively low. Finally, the ROHR gradually decreases with increasing EGR
for all FITs consideredrigure 18¢. The magnitude of decline between 0% and 25% EGR rates
was relatively high for fuel injected at 12.5° (16.9%) and 15.0° (15.1%). Subsequently, for the
20.0° and 25.0° events the corresponding decline was only about 8.8% and 6.6% respectively. For
the fuel injected at 30.0° BTDC, increasing the EGR from 0%%% Besulted in a 7.4% decline

in the ROHR

Table 122 Maximum decrease in performance parameters for increasing EGR from 0% to

25% at 1.5 N'm load condition with ULSD.

o Maximum decrease between @#d25% EGR
FIT [ BTDC] Pressure [%] Temperature [%] ROHR [%]
12.5 6.4 4.2 16.9
15.0 5.0 3.2 15.1
20.0 6.4 3.6 8.8
25.0 3.5 3.1 6.6
30.0 1.8 2.6 7.4

With respect to ID, the reduction in the reactivity of the system is expected to extend the ID period
with increasing EGR. However, on close observation of the ID data presefitaioléi3, the ID

period marginally drops (aboutf®) when the EGR rate is irased from 0% to 7% for all FIT
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setpoints. On further increasing the EGR rate from 7% to 14%, the ID stays relatively unchanged
for FITs 12.5° and 15.0° BTDC. Subsequently, the ID decreases by about 1.6% for fuel injected
at 20.0° and 25.0°. Due to thermdluction of hot EGR gases, theadylinder temperature at the

time of fuel injection slightly rises with increasing EGR rate for all FIT set pdtigsife19). This

suggests that the rise in the initial temperature of the charge due to the hot EGR gasses contributed
to the reduction in the ID peridd]. In addition, the amount of fuel injected rises gradually with

increasing EGR resulting in higher adiabatic flame temperatures that additionally reduce the ID.

On the other hand, for the final bump in the EGR ratenfig1% to 25%, the ID marginally
increases for all FIT setpoints; except for fuel injected at 25.0° BTDC for which the ID remains
constant. This indicates that the reactivity of the charge begins to decline due to the increase in
diluents such as GQCO, and water Comparing the n&GR case and the 25% EGR setting, the

ID is marginally lower for the 25% EGR case for FITs between°18.85.0 BTDC. Finally, ID

remains relatively constant for fuel injected at 30.0° BTDC for all EGR rates with a maximum
difference of 1.1%. This suggests that the lowaylmder pressure at the time of fuel injection

has a dominating effect on ID compared to the EGR rate. Here, wall wetting aBIQC due

to fuel penetration could contribute to this extension in the lidgeas indicated iTablel3.

Table 13: Ignition delay period for all set points considered at 1.5 Nn load condition for

ULSD.
FIT [° BTDC]
EGR Rate 125/ 150/ 20.0| 25.0 30.0
0% 1.194 1185 1.167| 1.167| 1.704
7%/ ID 1.157| 1.130| 1.111] 1.130| 1.685
14%| [ms] 1.157| 1.130| 1.093| 1.111| 1.685
25% 1.176] 1.167| 1.148] 1.111|1. 70/
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34. Resultsand Discussion Emissions

3.4.1 Effect of Advancing the FIT

Brakespecific NQ, PM, CO, and THC emissions for the 1.5Mload condition for all FIT and

EGR settings are presentedFigure23. Overall, advancing the FIT has the following effect on

emissions:

1. NOx: NOx emissions increase gradually between 12.5° and 25.0° BTDC as depiEtgdrin
23a. As discussed earlier, theaglinder temperature for these injection events rises with FIT
advancement along with more time for N®inetics; hence, leading to elevated NO
generation. Since the maximum equivalence ratio is only about 0.26 for ther.to&d
condition, abundant £is available for NQ@ production via the thermal NOmechanism.
However, there is a marginal declinetire NQ emissions for the 30.0° BTDC event due to
the lower incylinder temperature obtaine#igure 18. This can also be correlated with the
rise in the products of incomplete combustion (discussed in the following section), aka. CO
(Figure 23c) and THC Figure 23d) for the 30.0° BTDC event. Thus, thisop in NQ
emissions is also due to declining combustion efficiency.

2. PM: PM emissions declined for the FIT advancement between 12.5° and 25.0° BTDC as shown
in Figure23b. The rising combustion temperature and the lean operating conditions lead to this
decrease in PM observed even though the ID decreased resulting in a slightly more
heterogeneous combustion process. Additionally, PM emissions margntatgsed for the
30.0° case as compared to the 25.0° event. Importantly, thaMdM emissions for all EGR
rates had the opposite trend as the FIT was advanced; hence, following the traditignal NO
PM tradeoff. Therefore, advancing the FIT alone hasuccess in alleviating the NOM

tradeoff for ULSD.
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N

3. THC:In generalas the injection timing is advanced between 12.52a&n@/25.0° BTDC,

thytinder temperature and

THC emissions gradually decrease. As discussed earlier

ROHR gradually increases for thes# points assisting the oxidation of THC. However,

THC marginally rises with further advancement (28800°). The relatively lower in
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cylinder pressure and temperature at the time of injection result in fuel wetting at these
advanced FITs. This is due ¢tevated fuel penetration. Additionally, due to SOC before
the end of compression stroke, there is some energy loss associated to the double
compression effect, flame quenching, and excess time available for heat loss. Therefore, to
maintain the requirelad condition, it is necessary to increase the amount of fuel injected.
These fuel droplets fail to participate in the main combustion event due to excess energy
and time required to evaporate and burn the fuel particles adhered to the combustion
chambewmwalls. However, after some delay, these adhered fuel vaporize and combust during
the afterburn phase. Thus, the increase in THC emissions observed is due to the relatively
less time available for it to oxidize.
4. CO: Similar to THC, CO emissiorgradually decline for the initial FIT advancement from
12.5° to 15.020. BTDC. This is due to the increasingaglinder temperature and ROHR
for the 15.0° event compared to the conventional FIT. However, CO emissions gradually
increase for earlier ingtion events. It is well documented that CO is the major byproduct of
HC combustion which eventually oxidizes to form £®45]. Importantly, CO oxidation is
preferred only d@ér the completion of HC oxidation, and subsequent disappearance of all HC
specieg146]. In other words, HC oxidation inhibits theroversion of CO to C® Therefore,
sufficient time is necessary for CO conversion post HC oxidation. The delayed oxidation of
HC in the afterburn phase deters the effective conversion of COAolG&refore, due to this
deteriorating time availability, C@missions begin to increase at 20BFDC injection.
Similar to THC, there is a significant jump in CO for all EGR cases at 30.0° BTDC compared
to later injections. Importantly, the ID period is relatively longer for the 30.0° BTDC event.

Again, the shosdr time available for C&ormationresults in elevate@O emissions.
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3.4.2Effect of Increasing EGR

Increasing the EGR rate has the following effects on emissions:

1. NOxemissions: N@emissions steadily decreased with increasing EGR rate for all FIT set
points (Figure23a). As the rate of EGR is increased, the amount ofli€placed byheavier
molecules such as@ and HO (vapor)rises. Importantlythese molecules arelatively inert
and do not contribute to the exothermic combustion reachdditionally, theyact asa heat
sinkand absorithe released chemical energpence, lowering the toylinder temperaturéOn
the otheihand, the equivalence ratio gradually rises for high rates of EGR due to the displaced
O.. The combustion of relatively rich mixtures (since the equivalence ratio is less than 1) yields
elevated adiabatic flame temperatures. However, the reduction ieabtvity due to the
presence of Coand HO dominates resulting in lower N@missions with increasing EGR.
Alternatively, as discussed earlier, the lowerxNgnissions could be due to the relatively
uniform distribution of temperature in the combustitamber. For this, the aiuel mixture
homogeneity before SOC must gradually improve with increasing EGR rate. Importantly, the
ID period at all FIT setpoints marginally decreases with increasing EGR. Therefore, the PM,
CO, and THC emission results obtaingill provide further information to conclude that the
mixture homogeneity improves with increasing EGR.

2. PM emissions: PM emissions are formed due to the combustion of locally ffaklaimixtures
(Figure23b). Recalling the literature, using high rates of EGR typically results in elevated PM,
CO, and THC emissions in the conventional regime due to a combination of lower combustion
temperature and assated combustion efficiency deterioratif§0, 73] Importantly, most
studies that present this general conclusion operate the engine at relatively higher loads that

include both premigd and diffusion burn (mixing controlled) phases. The incomplete
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combustion products are relatively hay in the mixingcontrolled combustion phase
compared to the premixed burn phase. As explained earlier, the results presented in this study
are forthe purely premixed burn phase. Recalling ID results presentedable 11, the ID
marginally decreases with the rising EGR rate utilized. Importantly, the ID for theGRo E
case is the highest for all the FIT setpoimtewever, PM emissions gradually decline with
increasing EGR. In general, PM emissions decrease if the formed particulates oxidize. The
following parameters influence the extent of the oxidation of thecpéates formed:

a. High in-cylinder temperatures.

b. Availability of O2.

c. Excess time available for oxidation.

d. Relatively homogeneous and leanfaiel mixtures surrounding the flame.
As shown inFigure 18 the peak ircylinder temperature gradually declineghnincreasing
EGR. In addition, elevated rates of EGR reduces theev@ilability as indicated by the growing
equivalence ratio Higure 15). Moreover, the time available for the oxidation for the
particulates formed is marginally lower for high EGR rates due to the shorter ID pleatlud (
11). Therefoe, the reducing PM emissions with rising EGR rates is due to the improvement in
the homogeneity of the mixture, and the subsequent combustion of the locally tasai air
mixture where the maximum equivalence ratio utilized is Ar2éhis avenue, Lee ei., and
Jadhav and Mallikarjunauggest that the fuel evaporation rate rises with increasing EGR rate
[147, 148] Theyalso ndicate that utilizing elevated EGR rates improves the mixture fraction
distribution in the combustion chambér.addition, studies conducted by Idicheria et al., and
Maiboom et al. state that the 1dff length increases with rising EGR rates ufketb, 150]

Lift -off length is the distance between the point of fuel injection and stabilized flame location.
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Thus, a longerift-off length implies that the spatial distribution of the-faiel mixture is
comparatively more uniform at high rates of EGR. Therefore, a comparatively uniform
distribution of incylinder temperature is obtained by the instantaneous combustion of a
relatively homogeneous and locally lean mixture. This results in the simultaneous reduction of
NOx and PM emissiong, 103} This indicates the successful shift in the combustion r2gim
from conventional to PPCI. Importantly, the combinatiorth&felevated compression ratio
used in the presence of EGR assists in reducing the ID and improving the homogeneity of the
air-fuel mixture simultaneously

. THC and CO: For all the EGR rates colesed, THC and CO emissions have similar trends.
However, due to the differences in the trends observed with FIT variations, the THC and CO
emission discussion with increasing EGR rate is split into two parts:

a. Conventional FIT- 12.5 BTDC: The rising EQ rate leads to a gradual incline in THC
emissionsigure23c). This is due to a combination @écliningin-cylinder pressure,
temperatureand ROHR, and increasing fuel injection quantity at higher rates of EGR.
Since both N@and PM emissions decline at higher rates of EGR, the hot EGR gasses
assist in improving the homogeneity of the fuel. However, aS@€ is close to TDC,
and the combustion gasses begin to rapidly expand soon after SOC, the time available
for the oxidation of THC and CO is comparatively less. In addition, the amount of O
available declines at high rates of EGR; hence, THC and COiensssse with EGR
for fuel injected at 12.5BTDC.

b. Earlier injection events: The THC and CO emissions for fuel injected between 12.5° and
25.0° BTDC for the 7% EGR case were marginally higher than tHEGT® setting.

Alternatively, further increasing the EGR to 14% and 25%, THC and CO emissions
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declined fo these points. Importantly, comparable peakcyhnder pressure,
temperature, and ROHR were observed for 7% and 14% EGR rates as deptjade

18; however, the decline in the peak performance properties is noticeable for the 25%
EGR case. This suggis that the elevated-gylinder temperature at the time of fuel
injection assists in forming a comparatively homogeneous mixture. In addition, the 1D
period for the 14% EGR case is marginally shorter than the 7% EGR case for these FIT.
Thus, the earlieonset of combustion provides more time for THC and CO oxidation;
hence, lower emissions. Moreover, abundapnisCavailable as the afuel mixture is

lean. As discussed earlier, the fuel penetration appears to intensify for fuel injected at
25.0° and eaidr for the 0% EGR case. However, there is a drop in THC for the 25.0°
injection event for the 14 and 25% EGR cases. This suggests that the evaporation of the
injected fuel is relatively improved, and the amount of fuel wall wetting is alleviated for
the high EGR cases; hence, lowering THC and CO emissions. In other words, the
marginal improvement of the homogeneity of the mixture dominates and assists in
lowering the THC and CO emissions. However, theyilinder pressure and temperature

at the time of fueinjection have a bigger influence on THC and CO emissions even with
high rates of EGR for fuel injected at 30BIDC. It appears that CO and THC emissions
were impacted the most by combustion cyclic variations as compared to PM and NO

emissions.

Data @mparing the percentage decreasérizkespecific emissions of the 25% EGR casés

earlier injection timings compared to conventioREAl without EGR is presented irable14. On

close inspection, N&and PM for the 25% EGR case are lower than the MBT without EGR case

atnearlyall FIT set pointsglightly higheMNOy for the 25.0° BTDC with 25% EGR). Furthermore,
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CO emissions were comparable for the 20.0° and the 25.0° BTDC with 25% EGRse&san
Figure23c). In addition, THC emissions were lower for all early injection events with 25% EGR
compared to the conventional FIT with-B&GR (seé in Figure23c). Speifically, since the N@

and PM emissions for the 20.0° BTDC with 25% EGR case are lower than the conventional FIT
without EGR (se&in Figure23a a m &igute23b), the NQ-PM tradeoff was overcomesing

the traditional definition it can be concluded th#he results obtained for fuel injected between
12.5° and 20.0° BTDC with 25% EGRrepresent the TC regimeand PPCI was successfully

achieved.

Table 14: Percentage decrease imaissionsat PPCI setpoints compared to conventional

FIT with no-EGR for the 1.5 Nm load condition.

FIT [* BTDC]; NOx PM cO THC
EGR [%] [9/kW-hr] | [g/kW-hr] | [g/kW-hr] | [g/kW-hr]
12.5° 25% 53.872|  14.894| -40.919| -20.091
15.0% 25% 39.407 3.036|  -9.642 9.244
20.0°% 25% 7.768|  40.432 0.152|  20.444
25.0% 25% -12.592|  59.193|  -2.408|  24.345

3.5Conclusion

Due to the difficulties associated with achieving PPCI combustion through FIT adjustments alone
with a high compression ratio engine, PPCI was attempted while using/ZGE08] A series of
experiments were conducted to determine FIT setpoints and target EGR rates. Based on results
obtained from a previous study, 12.%5.¢, 20.0°, 25.0°, and 30.0° BTDC were selected for the

FIT sweep triald77, 108] Additionally, since the maximum achievable EGR rate at low load
condition (0.5 Nm) was 25%, intermittent rates of 7% and 14% were sele€tdidwing are the

key conclusions of the results obtained:
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1. Effect of advancing the FIT:

a. Advancing the FIT resulted in a gradual rise in the amount of fuel required to maintain
constant engine torque. Since SOC advanced further into the compression stroke, excess
fuel is recessary to overcome energy losses associated with the double compression effect,
flame wall quenching, and excess time available for heat transfer.

b. Additionally, the peak ircylinder pressure, temperature, and ROHR gradually increased
for advancement in IF betweenl12.5 and 25.0° BTDC. However, these performance
parameters marginally declined for fuel injected at 3&UDC due to the combustion
efficiency deterioration. In addition, the oscillations in the pressure trace representing
engine knock were coparatively less for the 30.BTDC event.

c. Interestingly, ID marginally reduced for FIT advancement betweeri 48d25.0°BTDC
due to the NTC behavior of ULSD. However, the ID period for the°ITIDC event was
relatively higher. This suggests the limihere the decreasing-aylinder temperature and
pressure are too low for instantaneous atomization and evaporation of the fuel and
subsequent ignition. It is safe to assume that further advancement in FIT leads to enhanced
fuel penetration resulting ideteriorating combustion efficiency and elevated products of
incomplete combustion (CO and THC emissions).

d. With respect to emissions, N@radually increased while PM declined with advancing
FIT between 125and 25.0 BTDC; hence, following traditional NGOPM tradeoff.
Therefore, advancing the FIT alone does not enable alleviating-P\O tradeoff
disadvantages. On the other hand,xNgdnissons declined, and PM grew for the 30.0

event. Overall, CO and THC emissions followed PM emission trends.
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2. Effect of increasing EGR:

a. The equivalence ratio gradually increased with the rising rate of EGR used for all FIT
setpoints. Importantly, the equivalence ratio for the 25% EGR case is about 52% to
57% higher than the AIBGR case. The highest equivalence ratio utilized was about
0.26for the 1.5 Nm load condition with 25% EGR; hence, thefaiel mixture for all
cases was relatively lean.

b. The peak ircylinder pressure, temperature, and ROHR declined gradually with
increasing EGR. The excess £é&nd HO acts as a diluent and reduties reactivity
of the charge in the combustion chamber resulting in lower peak values of the
performance parameters. Additionally, the amount of released energy absorbe2l by CO
due to its higher heat capacity rises at higher rates of EGR.

c. The ID period meginally declined with rising EGR suggesting that the high
compression ratio of the engine had a dominating effect on SOC timing. Additionally,

the hot EGR gasses assist in reducing the physical delay period.

With respect to emissions, N@nd PM reducedimultaneously with increasing EGR at most FIT
setpoints with increasing EGR. Therefore, followthgtraditional definition, LTC was achieved
through the PPCI methodology. As mentioned earlier, the ID with higher rates of EGR is
marginally lower thanhte no-EGR case. Therefore, the EGR is assisting in forming a relatively
homogeneous afuel mixture. This subsequently leads to a comparatively even temperature
distribution in the combustion chamber resulting in lowerxN@issions. Additionally, the
compaatively homogeneous mixture formed aids in lowering PM, THC, and CO emissions at high

EGR rates; especially, at advanced FIT setpoints. The relatively lean nature of the mixture and the
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excess time available for the oxidation of THC and CO for advandeddfboints ensures lower

incomplete combustion products even at high rates of EGR.

113



Chapter 4: Effect of Exhaust Gas Recirculation on Combustion Characteristics of Biodiesel

in Conventional and PPCI Regimes

Abstract

Due to rising concerns over teavironmental impact of fossil fuels, the focus on renewable fuels
such as biodiesel continues to grow. Compared to petroleum diesel, biodiesel (BD) provides the
advantage of lower harmful emissions. In addition, by operating BD in the low temperature
comhustion regime, it is possible to simultaneously reduce both nitrogen oxideg &XO
particulate matter (PM) emissions. This study details experiments attempting to achieve partially
premixed charge compression ignition combustion using BD derived frate waoking oil. A

series of Fuel Injection Timing (FIT) and Exhaust Gas Recirculation (EGR) sweep experiments
were conducted using a singlglinder high compression ratio engine. Advancing the FIT resulted

in the gradual rise of waylinder pressure, teperature, and rate of heat release. This is due to an
increase in the amount of fuel required to maintain a constant engine load to compensate for the
energy losses related to excessive heat transfer and flame quenching due to the double compression
effect Utilizing elevated EGR rates leads to a gradual decline in the ignition delay period.
Moreover, the negative temperature coefficient behavior of BD was captured in the presence of
EGR. For moderately advanced FIT events with high EGR rates, lowgr-N0%), PM (~63%),

total hydrocarbon (~45%), and carbon monoxide emissions (~11%) were obtained compared to
conventional FIT without EGR. Importantly, a combination of advanced FIT with EGR assisted

to simultaneously reduce both N@&nd PM emissions; henag/ercoming the NQPM tradeoff.
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4 1 Introduction

Compression Ignition (Cl) engines offer enhanced combustion efficiency compared to spark
ignition engines. This is primarily due to lower pumping losses and the advantages associated with
utilizing a higher compression rati¢l]. Unfortunately, the combustion of the heterogeneous
mixture formed in Direct Injection (DI) engines leads to harmful emissions such as nitroges oxi
(NOy), particulate matter (PM), carbon monoxide (CO), and total hydrocarbons ([I{.C)
Importantly, it is a significant challenge to beat tiell-known NOx-PM tradeof by following
conventional combustion methods in Cl enginggre, gerating in the Low Temperature
Combustion (LTC) regime has proven to aid in the simultaneous reductionxaiiddPM[61,

62, 151] In particulara Partially Premixed Charge Compression Ignition (PPCI) methodology is
relatively simple to implementisingthe singlecylinder test setupvailable at the University of

Kansas for reasorasdiscussed in Chapter[49, 62]

Biodiesel was selected as the fuel due to its advantages such as better combustion efficiency,
improved combustion phasing control, and lower cyclic variability compared telldtwaSufur

Diesel (ULSD)in the LTC regime[10, 64, 66, 72] Additionally, biofuels provide better
lubrication, an elevatedCetane NumberQN), and can be readily blended into a homogeneous
mixture with ULSD[152]. Moreover, utilizing alternative fuels du@s biodiesel can help in
addressing NOPM tradeoff challengeld 52]. Biodiesels can be derived from variousdgecks
including palm oil, jatropha oil, soybean oil, tallow, and numerous ofB6is Since biodiesels

are renewable, increasing their use could also assist in offsetting the consumption of petroleum
diesel. The gradual growth the global production of biodiesel witnessed in the last few decades

gives more reason to study gstential[153].
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Previous studies by the author comparing ULSD and biodieskeé absence of EGE€bncluded

that CO, THC, and PM emissions weggatively low, and NQ emissionswere generallyhigh

with biodiesel (Chapter 2 ajd08]). Similar results are reported in the literat{66-66, 6372,

74). However, like ULSD, the NOPM tradeoff is a challenge for the conventional combustion of
biodiesel[154]. As discussed in Chapter 2, Fuel Injection Timing (FIT) variations were utilized as
the strategy to implement PPCI combustion WO biodiesel as the fueb help address this
tradeoff Unfortunately this method failed to simultaneously reducexNdd PM emissions.
However, utilizing EGR in addition to FIT variations provided posifARCIresults with ULSD
(Chapter 3)In addition lower NQ, PM, THC, and CO emissions for biodiesel operating in the

LTC regime compared to ULSD are reported widely in the literdfi(re58, 59]

Therefore, using a similar strategy, lower CO and THC emissions compared to dhShe c
possiblyachieved in addition to the simultaneous reduction of &l PM.Therefore, ltis study
attempts to replicate PPCI with WCO biodiesel by FIT variations in the presence diti@GiRg

on the prior successful ULSD and EGR PPCI results (ChaptEor this, a series of experiments
were conducted dhe University of Kansas, and the performance and emission parameters of the
combustion of waste cooking oil (WCO) biodiesel in the presence of EGR were recorded.
Additionally, a comparative analysis of combustion characteristics between ULSD and WCO in
the presence of EGR is presented in this chapter. In addition to the measured data, a zero
dimensional heat release model is utilized to evaluate parameters sudylasdertemperature,

rate of heat releas® OHR), andignition delay (D) periods[114].
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4.2 Experimental Conditions

The method utilized to synthesize biodiesel from WCO is described in Chapter 2 (also available:

[91]) and the properties of the fuel utilized are givermable 15. Additionally, the fatty acid

component mass fraction details of the WCO are described in detail by Cercl¢28{.alhe

experimental setup, data acquisition method, and the associated standard operating procedure

followed arediscussed in Chapter 2. Further details of the sioglieder test setup and the EGR

system available at KU aprovidedin Chapter 3, and additionaiformation can be found in the

works of Mangus et a]109] and Langness et dlL11]. The performance emission resufs0.5

and 1.0 Nm load conditions are provided in the Appendix as the trends of the obtained results are

similar to the 1.5 Nm case.

Table 15: WCO and ULSD fuel properties[28].

Property ULSD WCO Biodiesel
Density (kg/n) 839.60 £ 0.01 882.69 £ 0.01
Kinematic Viscosity (cSt) | 2.481 + 0.001 6.560 = 0.001
Dynamic Viscosity (cP) | 2.083 + 0.001 5.790 + 0.001
Cetane Number (CN) ~45 52.8+4.1
Energy ContentkJ/kg) 45494 + 44 39663 + 44
H/C molar ratio 1.80 + 0.04 1.84 £0.04

Table 16: Engine operating load conditions and associated EGR and FIT settings.

Target Engine Loads @) FIT (° BTDC) Target EGR Rates (%
Conventional (12.0°)
0.5 15 g
1.0 20
15 5 14
' 25
30
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4 .3Results and Discussioi Combustion Performance Parameters

4.3.1Effect of Advancing the FIT

Advancing the FIT gradually increased the amount of fuel required to maintain the set engine load;
hence, resulting in an elevated equivalence r&igue24). This increase will bexplained while
discussing the heylinder pressure and temperature tremadgeneral, increasinthe amount of

fuel consumed leado a highebrake specific fuel c@aumption BSFQ). However, BSFGindings
arerelativelyrandom, and no specific trend is observéidiire25a). This is due tthedifficulties
associaté with maintaining a constant engine torque at low load condifima@ximum engine

load is 18.0 Nm) as shown irFigure25b.

0.40 :
B 0% EGR
& 7% EGR | ; 5

0351 & 14%EGR| e o 7
= 25%EGR| s :

0.30 |- |

0.25

0.20

Equivalence Ratio [-]

0.15

, 7 n

0.10

12 15 20 25

Fuel Injection Timing [° BTDC]

Figure 24: Equivalence ratio vs. FIT at 1.5 Nm load conditions.

The incylinder pressure results obtained with advancing the FITtHer0% EGR case are
presented irFigure 26a. The black curve represents the motoring curve that indicates-the in
cylinder pressure in the absence of combusiien (o fuel injected). For the conventional case

(fuel injected at 12.0BTDC), the incylinder pressure separates from the motoring curve close to
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TDC and increases rapidly due to combus(ian, Start of Combustion: SOGjariationspresent

in the incylinder pressure trace indicate engine knock. As the FIT is advanc€dn8@es further

into the compression strokand, ecept for the conventional FIT, SOC timing occurs before the
completion of the compression stroke. In this scenario, the piston moving towards TDC is
compressing the charge in the combustion chamvbée the charge is rapidly expanding due to
combustionThisinteraction between the compressing and expanding gasses reanktevated

interaction of combustion flame with the chamber wall causing flame quenching.

1300 : : : : 1.8 : ‘ ‘
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|
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Figure 25: (a) BSFC and (b) Engine torque vs. FIT at 1.5 Nn load condition for all EGR

rates.

Additionally, since SOC occurs earlier in the compression s{ffeigeire 26d), the time available
for heat transfer losses is comparatively mé®a result more fuel is added to compensate for
the energy losses ditflame quenching and excess heat transfer. Hémeequivalence ratio of
the airfuel mixture gradually increases as shownFigure 24. Subsequenyl, the addeduel

injection quantity leads to a gradual rise in the peatylmder pressure. However, the peak in
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cylinder pressure marginally declines for the 38TDC injectionand itsoscillations(i.e., knock)
are relatively lessvhile the pressure rise is gradual (ksllaped) suggesting a relatively uniform
combustion processThis decline in the Htylinder pressure could indicate a deteriorating

combustion efficiency that will be discussed when prese@@®@nd THC emissions.
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Figure 26: (a) In-cylinder pressure, (b) incylinder temperature, (¢) ROHR, and (d) ID and

SOC vs. FIT at 1.5 Nm load condition for 0% EGR.
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The incylindertemperatureKigure 26b) and ROHR Figure 26¢) trends follow the ircylinder
pressure resultdue to the increse in the amount of fuel injected with FIT advancempetk
values move into the compression stroke ttuan earlier SOQ. Similar to pressurethere is a
noticeable drop in the peak temperature and ROHR for the 30.0° BTDC event suggesting a decline
in the combustion efficiency. With respect to ID, contrary to the expectation, ID remained
relatively unchanged for thiitial FIT advancement between 12.0° and 20.0° BTBIGyre26d).
Importantly, the ircylinder pressure and temperature at the time of fuel injection gradually
declinad with FIT advancement. Thus, the comparable ID period for the first few advancement
events suggests that thedylinder canditions (temperature and pressure) are sufficient for the
instantaneous evaporation and ignition. This is primarily due toethévely high compression

ratio of the engine (21.2). Conversely, further advancing the FIT to 25.0° and 30.0° BTDC yields
a lower ID period. As discussed in Chaptdf25], thedecliningID periodwhile the incylinder
temperature and pressure @aleo decreasings due to the Negative Temperature Coefficient

(NTC) betavior of BD.

Due to the similarities in the4daylinder pressure, temperature, ROHR, ID period, and SOC timing
trends obtainewith FIT advancement, the results of the 7% and 14% EGR rates are presented in
Appendix Figure38 and Appendix Figure39 respectively For the sake of comparison, the
performane results for the 25% EGR case are as showigure27, and the trends obtained with

FIT advancement are briefly described here:

1. Similar to the 0%&EGR case, peak-oylinder pressureHjgure27a), temperaturesgure27b),
and ROHR Figure27c) gradually increase. The timing at which these values occur gradually

moves into the compression strafeng with the SOCKigure27d).
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2. ID period stays relatively unchanged for the initial advancement°(aBd 20.0). Further

advancing the FIT results in a declining ID period due to the NTC phenomenon.

Overall, the perfomance trends for advancing FIT are comparable for all EGR rates. However,
there arecritical differences such as the magnitude of the pealylinder pressure, temperature

and ROHR, and ID periodshservedwvith increasing EGR as discussed in the follogvsection.

4.3.2 Effect of increasing EGR

Increasing the EGRate graduallygrew the equivalence ratio for all FIT set poini&dure 24).
This is due toa decrease i®2 concentration wittEGR, and not because ahincrease in the
guantity of fuel injected. In fact, for a fixed FIT setting, the fuel figanerallydeclined wih
increasing EGR rate as shown kiigure 28a. Overall, compared to the 0% EGR case, the
equivalence ratio increased by about 5% for the 7% EGR té%efor the 14% EGR casand

36% for the 25% EGR case.

With respecto theperformance parameters, increasing the EGRmastly)resulted in a gradual
declineof the incylinder pressureHigure28b), temperatureHigure28c), and ROHRFigure28d)

at all FIT settings. As the rate of EGR utilized increases, the amount afisplaced by
comparatively inert compounds such as@@d water vapor rises. The augmition of this charge

with a relatively lower reactivity results neducedchemical energy released during combustion.
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Figure 27: (a) In-cylinder pressure, (b) incylinder temperature, (c) ROHR, and (d) ID and

SOC vs. FIT at 1.5 Nm load condition for 25% EGR.

Moreover, a part of the energy released is absorbed by@Dwvater vapor as their heat capacity
is higher compared toOThe combined effect of teefactors results in the gradual declioend
in Figure28. A comparison of the percentage difference ofgbakperformance parametei@r

the neEGR case and the 25% EGR case is presentédhle17. Overall an average decline of
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about 3.6% in the peak-tylinder pressure, 3.0% in the-aylinder temperature, and 8.9% in the

ROHR were observed.
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Figure 28: (a) Fuel flow rate, peak incylinder (b) pressure, (c) temperature, and (d) ROHR

vs. FIT for 1.5 N-m for BD with EGR.

In general, extended ID periods are expected with BG&Rto the prior mentioned reduction in

the reactivity of the charge extending the chemical delay pg&dOverall, increasing the EGR

124



(mostly) leads to a gradual rise in the ID period as showrabte 18 andFigure29a. However,

the displacement of ncreases the equivalence ratio of thetare (Figure24) whichimproves

the reactivity of the charge. This is due to the higldgabatic flame temperatwebtained through

the combustion of a richer mixture. Furthermptiee incylinder temperature at the time of fuel
injection marginally rises due to the recirculation of hotter exhaust gassesesidual fraction)

as shown irFigure 29%. This enables quicker evaporation of the injected &mel reduceshe
physical delay perioddence, a combination of higher initial temperature and equivalence ratio
would assist in loweng the physical and chemical delpgriods respectively. However, the
reduction in the reactivity due to EGR and its impact on increasing the chemical delay period has

a dominating influence resulting in an extended ID mewith increasing EGR.

Table 17: Maximum decrease in performance parameters for increasing EGR from 0% to 25% at

1.5 N-m with BD.

Maximum decrease between 0% and 25% E(
FIT [° BTDC] | Pressure [%] Temperature [%]| ROHR [%)]
12.0 4.9 3.5 10.7
15.0 3.0 2.4 6.2
20.0 3.6 3.6 8.7
25.0 3.7 3.1 6.6
30.0 2.7 2.6 12.5

Table 18: Ignition delay period for all set points considered at 1.5 Nn load condition for ULSD.

FIT [° BTDC]
EGR Rate 12,5/ 150| 200| 250/| 300
0% 1.093| 1.093| 1.130| 1.093| 1.000
7% | ID 1.111| 1.111| 1.111| 1.111| 1.056
14%| [ms] | 1.130| 1.130| 1.111| 1.148| 1.074
25% 1.148| 1.148| 1.130| 1.111| 0.981
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Figure 29: (a) In-cylinder temperature at the time offuel injection and (b) ID vs. EGR rate at 1.5 N

m with BD.

4.4 Results and DiscussionEmission Results

4.4.1Effect of Advancing the FIT

Advancing the FlTbetween 12.0and 25.0 BTDC gradually increased NGmissiongFigure
30a), and PM emissions decreasé&iglire30b). As discussed earlier, thedglinder temperature
increasesvith FIT advancementFigure 28c) andthe maximum equivalence ratio is about 0.3
(Figure24); thus, sufficient @is avalable. Thiscombination of high temperatures in the presence
of sufficientO: results in elevated NGand lower PM emission$iencefollowing the traditional
NOx-PM tradeoff. However, NOemissions sharply decline, and PM emissions rise for thé 30.0
BTDC event. This could be due to a decrease in tHuylinder temperature as shownhkigure

28c and/or a function of deteriorating combustion efficie as suggested by higher TKEigure

30c) and CO emissiong-{gure30d). Overall, for a fixed EGR rate, advancing the FIT alone does

not enable the simultaneous reduction ofxN@d PM emissions. Of note, the PM emission
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regulation standards set by the Environmental Protection Agency [EPA] are ohelsidelegend

in Figure 30b [156]. Since the EPA combines N@nd normethane hydrocarbons (NMHC)
emissions, the results of N@ NMHC with the corresponding EPA standards are pteseim
Appendix FiguredO.

THC and CO emissions largely follow PM emissi@ssshown inFigure 30c andFigure 30d,
respectively For the initial FIT advancement from 12® 15.0 BTDC, both THC and CO
emissions marginally decreased due to the elevated combustion temperature and subsequent
oxidation in the presence of excess Ghe THC and CO emissions for fuel injected at 20.0° is
comparable to the 15.0° event. However, further advgribe FIT results imgradualisein both

THC and CO emissions confirming deteriorating combustion efficiencylhe incylinder
temperature and pressure at the time of injection are lower for advanced FIT settings. This leads
to excessive fuel penetrati and subsequent fuel wall wetting where the fuel particles fail to
vaporize and adhere to the cylinder walls. These fuel partidesot participate in the main
combustion event; however, theyrnduring the afteburn phase. Even though there is susint

O available for oxidation, the amount of time available is limfadthe complete oxidation of

THC and CO during the aftdrurn phaseesulting in elevated THC and CO emissioB$ note,

the EPA standard of CO emissions is present&ibure30d as a solid line, and the corresponding

value is included next to the legend.
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Figure 30: (a) NOx, (b) PM, (c) CO, and (d) THC emissions for varying EGR rates at 1.5N

m for BD with EGR.

4.4.2Effect of Increasing the EGR
Increasing EGR resulted in a gradual decrease inddilssionsas seen ifrigure30a. As stated
prior, adding EGR grows the equivalence ratio (and adiabatic flame temperature) along with the

initial temperature (N&-). However, the added diluents absorb energy (heat cagdfeity), and
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the reactivity of the charge decreases {®)OIn addition,Jower NO emissiongan begenerated
if the temperature distribution across the combustion chamber is relatively homod&n4063$
A close examination of PM, THC, and CO emissions will assist in substantiatitige if

homogeneity of the mixture contributes to teduction in NQ emissions observed

Interestingly, PM emissions also reduce at higher rate&e¥. In general, PM emissions are lower

if the airfuel mixture near the flame is locally leasand the combustion temperature is relatively
high. As seen frontigure28c, the incylinder temperature marginally decreases at high rates of
EGR. Moreover, the time available for the oxidation of the particulates formed is comparable due
to similar ID periods observedrigure 2%). As stated earlier, the maximum equivalence ratio
utilized is only about 0.3Thus, the decline in PM emissiomgth added EGRs due to the
improvement of the homogenedyd tempeature distributiorof themixture Importantly, several
other researchers have obtained similar results of improvégehimixing and distribution in the
presence of EGR in Cl enging447-150] Therefore, the combustion of the relatively
homogeneous mixture that is locally lean enables the simultaneous reduction of batiNE
emissions. Hence, utilizing EGR assists in shifting the combustgmeefrom conventional to

PPCI; thus, alleviating disadvantages of the XM tradeoff.

With respect tofHC emissions comparing the 0% and 25% EGR results, lower THC emissions
were recorded witlthe increasing EGR rate suggesting a marginal improvenmeatinbustion
efficiency. As discussed earlier, the instantaneous ignitionrelaéively homogeneous and lean
mixture ensures that most of the hydrocarbons oxidize. Additionally, utilizing hot residual EGR
gasses reduces fuel penetration and the subgdgeewall wetting that further assists in lowering
THC emissions at all FIT set points. Alternatively, CO emissions were comparable fosEBRno

and 25% EGR cases; except for the 1B.DDC injection event. Since THC oxidation inhibits CO
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conversion, while THC emissions decline at high rates of EGR, the lower concentratioanaf O

the comparable timavailable forCO oxidation could potentially lead tine largely unchanged

CO emissions. For some FIT cases, THC and CO emission trerttie % and 14% EGR rates

fall between neEGR and 25% EGR cases. However, there are multiple data points where the
trends are dissimilar to the general pattern obtapwsbibly due to cyclic variations. Similar
results of cyclic variations impacting tremafSTHC and CO emissions were observed in the PPCI

experiments with ULSD as discussed in Chapter 3.

Overall, the percentage decrease in emissions of the baseline case (F.&TDZGuel injection

with 0% EGR) compared to the 25% EGR at various Fliingst is presented iable19. The

30.0° BTDC event is ignored in this comparison due to its relatively poor combustion efficiency.
NOy, PM, and THC ensisions are lower at all FIT setpoints with 25% EGR compared to the
baseline case. Additionally, CO is lower for fuel injected at’1&n@d 20.0 BTDC, and marginally
higher for fuel injected at 25°BTDC. Specifically, these specific points are highlighted through
thesymbold 2 Qi Zand Y t hgPM, THCpandeGDerespectiMely, at corresponding
FIT settings inFigure30 andTable19. Therefore, utilizing a combination of FIT variations and
high rates of EGR enables operation in the PRQime where all emission species can be

simultaneously lowered compared to the baseline case.
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Table 19: Percentage decrease in emissions for various FIT settings with 25% EGR

compared to baseline case with BD at 1.5-h.

FIT [°BTDC]

Emission species | 12.0° | 15.0° | 20.0° | 25.0°
NOy [g/kW-hr] (") 59.48| 50.99| 24.35| 12.90
PM [g/kW-hr] () 69.61| 62.92| 72.47| 70.25
COJg/kW-hr] ( Q) | -33.76] 10.65| 7.94| -12.72
THC [g/kW-hr] ( &) 5.18| 45.74| 49.59| 35.51

4.5 Comparison of BD andULSD with EGR

4.5.1Comparison ofPerformanceResults

The details of the experimental results obtained for ULSD with EGR are presented in Chapter 3.
In general, the performance result trends of BD and ULSD while FIT is advanced and the EGR
rate is increagkare comparable. Therefore, the focus here is to identify key differences between
BD and ULSD while operating under similar conditions. Hence, the results obtained with 0% EGR

and 25% EGR for both fuels are presented with the 7% and 14% EGR casesdibhgeen.

With respect to the equivalence ratio, the amount of fuel required to meet the set engine load is
marginally higher for BD compared to ULSD at all FIT and EGR setpoints due primarily to its
lower energy contenfFigure 31). Concerning performance parameters, the peatylinder
pressurgFigure32a), temperatureHigure32b), and ROHR Figure 32c) were higher for ULSD
compared to BD. It has been well established that fuels with higher CN)(BRcontent (BD»),

energy content (B®), and density (BB) enhance the amount of energy released that
subsequently levates the magnitude of the peak performance paranj2&r80] In addition,
elevated ircylinder temperatures are obtained withigher equivalence ratios (B).
Alternatively, utilizing a fuel with higher viscosity (Bb) lowers the combustion energy released

due to poor atomization and mixing. Overall, the lower energy content and the higher viscosity of
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biodiesel have a dominatireffect resulting in lower performance parameters. Similar results of
the performance of BD compared to ULSD are reported by Veltman et al., and Narayanan and
Jacobgd69, 71] Note that a detailed description of the impact of these individual fuel properties

on combustion is presented in Chapter 1.

Moving forward, the ID of BD was lower than ULSD at all FIT and EGR settings cenesichs
shown inFigure32d. Thein-cylinder pressurgFigure 33a) andtemperatureRigure 33b) at the
time of fuel injection for all FIT setpoints and EGR rates consideregesrerallycomparabldor
both fuels. Therefore, the higher equivalence ratio of the mixtureo@ained irthe fuel, and the

greater CN of BD ensures that the ID periédD is lower compared to ULS.
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Figure 31: Equivalence ratio comparison of ULSD vs. BD at 1.5 Mn with EGR.
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Figure 33: (a) In-cylinder pressure and (b) temperature at the time of fuel injection vs. FIT

comparison of ULSD and BD.

4.5.2Comparison ofEmissionResults

A comparison of the brakgpecific NO,, PM, THC, and CO emissions of ULSD and BD is
presented ifrigure34. The NQ emissionsKigure34a) of BD were lower than ULSD for all FIT

and EGR rates caidered primarily due to the lower-aylinder temperatures obtaineBidure

32b). In addition, for fuel injected between the conventional FIT and®BIOC for all EGR

rates, PM [Figure34b), THC Figure34c), and CO Figure34d) emissions of BD were less than
ULSD. While the ID is shorter for BD that might result in a less homogeneous mixture, an earlier
SOC results in more time for oxidation. In addition, the erdbdd in BD furthers the oxidation

process resulting in lower incomplete combustion products.
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Figure 34: Comparison of (a) NG, (b) PM, (c) CO, and (d) THC emissions vs. FIT for

varying EGR rates at 1.5 Nm with EGR.

On the other hand, the PM, CO, and THC emissions of BD for fuel injected atB3W are

higher compared to ULSD. The loweréglinder pressure and temperature at itime tof injection
promotes fuel penetration and wall wetting of both fuels. Heedhigher density and viscosity of

BD augments its penetration length resulting in elevated THC and CO emissions. Similar results
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of extended fuel penetration of BD compatedJLSD are reported in the literatuE57, 158]
Additionally, the ID period of BD for fuel injected at 30 BTDC is (about 41.9%lesscompared

to ULSD. This, along with the higher viscosity of BD, suggests that the homogeneity of-the air
fuel mixture with ULSD is marginally better. Therefore, the combination of the lower equivalence
ratio and enhanced homogeneity of the fuel atithe of ignition ensures that PM, CO, and THC

emissions for the 300 TDC event are lower for ULSD.

4.6 Conclusion

A previous study by the author with ULSD as the fuel (Chapter 3) concluded that utilizing a
combination of FIT advancement in the presenicEGR enabled the simultaneous reduction of
NOx and PM emissions. Subsequently, a series of experiments with similar operating conditions
were conducted using BD extracted from waste cooking oil. Advancing the FIT betwetantR.0

25.0° BTDC leads to gradual increase in the amount of fuel injected, pealylimder pressure,
temperature, and ROHR. In addition, peak performance values occur earlier in the compression
stroke for each FIT advancement. Moreover, the ID gradually declined for these FIT
advancements; even in the presence of EGR. Thus, the NTC behavior of biodiesel was captured
successfully. However, there was a marginal decline in peak performance values for fuel injected
at 30.0 BTDC suggesting deteriorating combustion efficiency. On therdtand, for a fixed FIT
setting, increasing EGR marginally increased the equivalence ratio of the mixture due to the
displacement of © by heavier exhaust byproducts (£@nd water vapor). Overall, peak
performance values decrease as the EGR acts as sirfleabsorbing part of the energy released.
The trends of the performance parameters for both FIT advancement and EGR variations of BD

were comparable to ULSD. The peak performance values of BD were slightly less than ULSD at
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all settings due to its rafively lower energy content. Furthermore, the ID of BD was lower than

ULSD at all points primarily due to its higher CN.

With respect to emissions, similar to ULSD, advancing the FIT alone was insufficient to alleviate
the disadvantages of the N®OM tradeoff. However, this was possible by using a combination of
FIT advancement in conjunction with high rates of EGR (25%). The loweylimder
temperatures obtained by introducing EGR reduceg @idssions. Additionally, CO and THC
emissions were lower fahe 25% EGR case for fuel injected at 2520.¢, and 25.0 BTDC
compared to the baseline setting (0% EGR and conventional FIT). Comparing the emission results
of BD and ULSD, all emission species obtained by BD combustion were marginally lower than
ULSD for all setpoints except for when combustion efficiency degraded significantl{3 {3RC

fuel injection). The lower itylinder temperature of BD compared to ULSD resulted in reduced
NOx emissions. In addition, the excessdOntained in the BD and itadier SOC timing provides
more time for the oxidation of PM, THC, and CO emissions resulting in lower incomplete

combustion products.
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Chapter 5: Kinetic Study of Biodiesel Analyzing the Influence of Negative Temperature

Coefficient Region on Ignition Déay and Combustion Performance

Abstract

A zerodimensional (€D) model simulating compression ignition combustion was developed
using engine geometry and fundamental conservation laws. The detailed reaction mechanisms of
methyl decanoate (MD) and Ulttaow Sulfur Diesel (ULSD) surrogate fuels representing the
kinetics of biodiesel and ULSD, respectively, were incorporated. These reaction mechanisms were
developed and published by the Lawrence Livermore National Laboratory. The heat transfer
correlation of he model was calibrated by adjusting the initial temperature at the time of injection
and the convective heat transfer coefficient. Subsequently, the model was calibrated using the
experimental pressure and temperature data between the inlet valve tiosiagd the point of

fuel injection. Subsequently, comparisons of the experimental data collected at various Fuel
Injection Timing (FIT) settings were compared with thé Omodel results. The-D model
reasonably predicted the peakcylinder pressure atemperature trends for the conventional FIT
setting with both MD and ULSD surrogate reaction mechanisms. The ID was computed using the
hydroxyl mole fraction time history results. Importantly, the ID predictions of the model were in
reasonable agreemaenith the experimental data. Moreover, the predict&@irodel trends of ID

are consistent with literature kinetic models that utilized the same reaction mechanism. The
Negative Temperature Coefficient (NTC) behavior of biodiesel and ULSD were obsertred in t
experimental ID results. Additionally, the literature models with consistent reaction mechanisms
also exhibited NTC behavior in their ID predictions. However, the ID results predicted bypthe 0

model did not provide sufficient information to definitiystate that NTC behavior was captured.

138



5.1 Introduction

The Ignition Delay (ID) in Compression Ignition (Cl) engines is defined as the time between the
start of fuel injection and the Start of Combustion (SQKT) This period is a combination of
physical and chemical delay intervals. The physical delay represents fuel atomization, evaporation,
and subsequent mixing with air in the combustion chamber. The chemical datay ipcludes

the precombustion reactions of the direl mixture and residual gasses in the chamber followed

by autoignition. The physical delay period is governed by factors such as Fuel Injection Timing
(FIT), the incylinder temperature and the press at the time of fuel injection, the physical
properties of the fuel, and various geometric features of the combustion chamber. On the other
hand, the chemical delay period predominantly depends on the Cetane Number (CN) and the
structure of the fuel. 8ce the ID period determines the quality of thefaé mixture formed, an
extended ID presents more time for the formation of a relatively homogenedwss! anxture. It

is important to note that the direl mixture is mostly stratified and heterogasan (Direct
Injection) DI engines; however, the extent of homogeneity could be improved marginally by
increasing the ID period. Importantly, the ignition of heterogeneous mixtures results in relatively
poor combustion efficiencies. Additionally, combuostiof the heterogenous direl mixture
produces higher rates of undesired harmful emissions such as nitrogen oxidgpéxti@ulate

matter (PM), carbon monoxide (CO), and total hydrocarbons (THC) compared to the combustion

of homogeneous mixtures. Tleéore, it is desirable to elevate the ID period.

The auteignition of a relatively homogenous mixture after a sufficiently long ID period is ideal to
achieve Partially Premixed Charge Compression Ignition (PPCI) comb{&tip62, 151, 155]
Due to its inherenadvantages, such as enhanced combustion performance and the ability to

alleviate the NG-PM tradeoff, it is desirable to operate Cl engines in the PPCI mode. For this, low
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to intermediate ircylinder temperatures at the time of fuel injection are requiRecalling the
discussion from Chapter 2, in this temperature window (-888D K), the oxidation of
hydrocarbons can be categorized as slow combustion, cool flames, and Negative Temperature
Coefficient (NTC) behavior. In this NTC region, increasing #rmagerature of the system leads to

a decline in the reaction rate deterring the agmdation process. Therefore, operating in the NTC
region elevates the ID period; hence, aiding in improving the homogeneity of-thelaiixture.

Thus, it is critical tastudy the optimum conditions for operating in the NTC region.

Due to its importance, NTC behavior and its influence on the ID period are extensively studied
both experimentally and using numeric models for various {i@8, 125, 126, 130, 131, 133,

134, 159163]. Shock Tube (ST), Rapid Compression Machines (RCM), and Constamh&o
Combustion Vessel (CVCV) setups are popular methods used to study ID periods experimentally
[120, 123, 133, 134, 163, 164]he method of measuring the ID time varies depending on the type
of system utilized. Generally, pressumeasurement through transducers or hydroxyl (OH)
emission data is used to determine the ID tjiix&9, 130, 131]Moreover, the numerical models
developed to compute ID ffovarious fuels are validated using the experimental results of fuels
with comparable structures and properties. Compared to ST/CVCV/RCM systems, the ID
measurements with a dynamic Cl engine, through afiighity heat release model provides more
realisic data that are closer to production engines. Thus, the accuracy of predictive models could
be further enhanced by validating them with ID data captured in a Cl engine. Of nibepénmd

with the singlecylinder enginetest setupused in this studys calculated using the second

derivative of the measured-aylinder pressure dafa, 114, 115]

However, experimental results alone do not provide sufficient information for a fundamental

understanding of the ID process. For this, evaluation of the chemistry of the combustion process
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using appropriate Chemical Kinetic (CK) reaction heetsms is necessary. Moreover, an engine
model in conjunction with a CK reaction mechanism will enable predicting the ID behavior over
a wide range of operating conditions. Therefore, a combustion model simulating the internal
combustion engine cycles hasen developeadnd the experimental data collected with the engine
will be used to calibrate and validate the model. Initially, the details of the engine model that was
developed are presented. Subsequently, the criteria for selecting a CK mdaetifesel (BD)

and ultralow sulfur diesel (ULSD) are discussed followed by the model validation process
utilized. Finally, the ID values calculated for the experimental results with BD and ULSD

(Chapters 2 and 3) will be compared and discussed with thHelmesults

5.2 Engine Model and Governing Equations

Previously, a zerglimensional (6D) model assumption has been used to estimate the combustion
performance properties in the homogeneous charge compression ignition redemgtssoret

al. [165]. As noted earlier, the homogeneity of thefaigl mixture is relatively stratified in DI
engines in the PPCI mode; nevertheless, the extent of homogeneity is better compared to
conventional combustion mixtures. However, from an engine modeling perspective, it is
reasonable to approximate that the-fagl mixture is homogenous in the PPCI regime.
Importantly, the model presented here utilizes engine geometry and fundamental atamrserv
eqguations which is a first of its kind; hence, the assumptions considered are necessary as a starting
point. These approximations will be refined in the future to capture the effects of fuel injection and
spray characteristics, and other importantapeeters that have a considerable influence on the

combustion process.

Hence, this effort presents aD0singlezone model for computing 4aylinder thermodynamic

properties using the engine geometry information and the fundamental conservation laws.
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Importantly, the focus of this effort is to study the thermal and chemical activity inside the
combustion chamber between Intake Valve Closing (IVC) and Exhaust Valve Opening (EVO);
thus, providing the liberty of excluding equations that address flow behatwoor out of the

control volume. In addition, the fuel spray characteristics and their influence on combustion are
ignored as they are beyond the scope of this work. The details of the engine geometry are provided
first followed by the fundamental govéng conservation equations. These governing equations
are simplified according to the abestated assumptions, and the final version of the Ordinary
Differential Equation (ODE) used to solve for various parameters is presented. Subsequently, a

summary othe ODEs that are solved and the relevant initial conditions used are discussed.

5.2.1Engine geometry
The compression ratio of the engine is computed usingjeéheance volumg@/c) and displacement
volume(Vy):
W W
W
The displacement volume is calculated from the bore diam@tem@ stroke lengths) of the

i

(21)

engine:

©w —i (22)
In addition, the total itylinder volumeV is computed using the connecting rod ledgthe crank

radiusa, andthe distance between the crank axis and the piston pix:axis

a O o 23

' ' H(I)
w W —
T

The crank radius is half the stroke lendfhe instantaneus value ok depending on the Crank

Angle (CA) position ¢) can be calculated according to:
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W OOEl & oOf Q&7 (29
The engine parameters suchsal, |, anda are set to the Yanmar L100v values showiiaile
20. Additionally, detailed specifications of the test engine are provided in Chapitbe Zurface
area of the cylinder heafln, and the piston surfa@eaA, are used to compute the combustion
chamber surface area at any crank posifiancording to:

5 6 06 “a & (25

Table 20: Yanmar single-cylinder enginespecifications

Manufacturer and model Yanmar L100V
Bore [mm] 86

Stroke [mm] 75
Displacement [L] 0.435
Compression rati¢r] 21.2
Conventional FIT° BTDC] 12.5 (ULSD) and 12.0BD)
Enginespeed [rpm] 1800
Clearancevolume [n7] 2.16B10°
Connectingodlength [m] 0.188

Inlet valve closing [° ATDC] 122

Exhaust valve opening [° BTDC] 144

Subsequently, the rate of changé/ofith time is given by:

Qo “0Qw

funl — 26
Q0 T Q0 (29
Similarly, the rate of change afwith time is obtained through:
Qw of O OUCOE | —i @ — 27
Qo ot c¢hi Q& QO
Importantly, the rate of change of the CA position with time is given by:
O— 6
— S b (29
Qo0 oTm
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Finally, the rate of change &% with time is obtained by:

- “ 29

Qo %o (29
5.2.2Conservation of mass, momentum, species, and energy
As stated earlier, th@nalysis of the selected control volume is performed between IVC and EVO.

Thus, the only change in mass within the control voluimgi¢ during fuel injectiond ):

%O; a o (30
The mass flow rate is set to zdéoo all CA positions except for the duration of fuel injection. The
values of FIT and its duration are set to the corresponding experimental conditions. The general
version of the conservation of masy) (s represented as the product of dengijyafd olume
(V):
Q" w "Qw , Q7
Q6 wao Qo

a o (3D

Simplifying this general version and rearranging the terms yields the final conservation of mass

equation:
2 290 (32
Qo wQo w
Similarly, the general version of conservation of momentugiven by:
Q" wyY Oy &w & (39
Qo “Qo  @o Yo "

Simplifying the general version with the assumption yields the following whereis the
velocity:

(34)
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Moving forward, the general version of the conservation of species withdlag concentration

of the species in the respective coordin@teandsource termEis given by:

T 61T 066 T 06 1T 06 T76 176 1716 (35
O T T W T a Tw T w Ta

Using the @D assumption, the conservation of species can be simplified to obtain:

Q0 w
Qo

20 4 @ - (36)
Here] is the production rate of the species, and M is the molecular weight of the species. Writing

the conservation of species expression on a mass basis yields:

® Q" 00 ,
” 7 'O ”n - I - 3
%o ®ao oo @ ! (37)

Simplifying for the mass fractions of the speck¥sgields the final version of the conservation of

species relation:

Qd1- 9a o i (39)
’Q(‘) ” ” d) ” d)

Analogous to the conservation of mass, the general conservation of the total Energye

respective coordinates is given by:

T 70 1760 1t "0bO T "0O

T o T T W T a
Tty T ptvy Ity 1or or of (39)
Tw'!ow Tw!?!ow Tala T

T ot 0f of 1 ot Of Ot
To T a

Simplifying the general energy equation feD0vith source terms yields:
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Q" Ow Qw - -
=2 a6 0 40
a5 Ny © Q 0 O (40

Here,p represents the pressure in the control volume. In additiersdurce termx "Q indicates
theenergy added due to the fuel wheres the actual enthalpy of the fuel algis the mass flow
rate of fiel. Additionally, the heat lost due to fuel evaporation (using the enthalpy of

vaporization of the fudtvapis obtained through:

0 a Q 4y
Similarly, 0 indicates the heat transfer losses due to convection and radiation given by:

~

0 Q0 Y Y -9 Y Y (42
Here,hc is the convective heat transfer coefficiéhts the temperature in the control volume, and
Twanis the wall temperature. In additiddis the emissivity, and is the StefasBoltzman constant
of radiation. Subsequently, substituting the final expressimf conservation of mass and

momentum in Equatio(®0) yields:

Q6 Qo 0 a o ¢ 0 (43
Q6 ©'Qo o a - ° &
Utilizing a complete internal energy)(expansion:
Q6 1T 6 QYT o6 Qn 16 Q (44)
Qo T YRQo T nzQo T Wrp Qo

Assuming the working fluid is an ideal gas, and realizing that the internal energy is not a function

of pressure, the energy equation is further simplified to:

T O QY 10

5 QO Qo0 a ., 0 (45)
T YgQo 1 &dp Qo 3
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In addition, using to represent the individual species, the total internal energy can be expressed

as:

o &6 Y (46)

With the fundamental understandingooinstant volume specific heat) the final version of the
conservation of energy equation is:
P ., 10 nNQo 0 & ., 0

-~ Q7Y , . 0
W 0 ;—., wa a B T m L 0] e
Qo w Qo w w w

(47)

Rearranging the terms, the ODE used to compute the rate of temperature change is:

QY , p .10 A Qo U &
Qo W’ W w” W Qo W ww w

”

.0

Subsequenyl the ideal gas law can be used to compute the pressure:

Qo Qo Qo Qo

Finally, the gas constant can be found using the universal gas covistant

Y
Y — 50
! (50

Additionally, Mmix is the molar molecular mass of the mixture given by:

0 w0 (51)

HereX; is the mole fraction anillj is the molar molecular mass of fffespeciesThe mole fraction

of thej"species is given by:
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n v (52)
W -
B =
i)
Subsequently, the rate of change of the gas constant can be defined as:
QY Y QD (53
Qo6 0 Q0o
Similarly, the rate of change of the mixture molar molecular mass is:
o p W 54
Qo oY ®4
Finally, the rate of change of mole fractions of each species is obtained by:
P 'Q('bB M PQO
a0 Qo 0 0 0 Qo
Y (59
0 B @
0

Overall, MEs described in Equatiorf26) through(30), (32), (34), (38), (48), (49), (53), (54),

and (55) are solved using MATLAB. Specifically, the odel5s solver was used due to its
comparatively higher accuracy while solving stiff OOES6]. In addition, aelative tolerance of
10e® and an absolute tolerance of f8evere used. Details of the reaction mechanism used are

presented next followed by the overall methodology used to set up the solver.

5.3 CK Reaction Mechanism Selection

Theoretical studies oétatively simpler fuels, aka surrogates, are popular due to the uncomplicated
nature of their reaction and transport mechanisms. However, the chemical/physical properties of
these reference fuels are often not similar enough to the conventional fuelrr@undeodiesel

fuels, the reaction mechanism and the corresponding transport mechanism of methyl butanoate
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were first developed and studifib7, 168] However, this model failed to capture the oxidation
behavior of BDlike fuels at low temperatures accuratgll$8]. In other words, the ID results of

this model did not exhibit NTC behavior at low and interraedtemperaturefd 68]. As stated
earlier, the main goal of this study is to study the operating conditions under which NTC behavior
occurs which assists in extending the ID of thefaet mixture. Therefore, it is critical fohé

reaction mechanism to capture low temperature kinetics effectively.

Subsequently, reaction mechanisms of methyl decanoate (MiH402) were studied with
specific emphasis on capturing the NTC behavior of B¥2, 169174]. In particular, the reaction

model developed for MD by Lawrence Livermore Nation Laboratory has shown fair agreement
with experimental studies while capturing the NTC behavior and its influence on the ID period
[175-178]. As a result, the CK reaction mechanismivitd with 2880 species and 9742 reactions

was selected. Importantly, this CK reaction mechanism has been validated and is in good
agreement with experimental results conducted on cooperative fuel research engines and Jet
Stirred Reactors (JSR) with MD asetfuel[174]. In addition to the low temperature kinetics, this
mechanism is also reported to reproduce the early formation of carbon dioxide which is unique in
the combustion of oxygenated fuels due to the presence of ester groups. This mechanism has been
shown to successfully predict the ID periods and the OH values observed in ST experiments with

MD as the fue[174].

In addition to the oxygenated fuel, a reaction mechanism must be selected to compare the
experimental results conducted with ULSD presented in Chapter 3. Similar to the earlier case, the
reaction mechanismf the ULSD surrogate fuel should capture low temperature kinetics as it is
the focus of this study. In this avenue, Pei et al. presented acmmgonent CK mechanisfh79]

that combined the initially developed detailed kinetics -ofodecane (€Hze) by Sarathy et al.
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[180] with the recently proposed mechanism for the combustionflene by Mehl et a[181].

The model results showed good agreement with the experimental ID studies conducted on RCM
[182, 183] JSR[184, 185] and ST[180, 186]systems. Importantly, the combineeaction
mechanism effectively captures the low temperature kinetics of alkantiels. Therefore, the
multi-component diesel surrogate reaction mechanism with 2885 species and 11754 reactions was

selected.

Importantly, the details of the chemical reans, transport parameters, and thermodynamic
parameters for both the MD and the ULSD surrogate reaction mechanisms can be found at

https://combustion.linl.gov/mechanisrand are available for download CHEMKIN format.

Due to the ease of use and familiarity with Cantera, the individual parameters of the reaction
mechani sms were converted from [XBAHMKdsltingt o Car
YAML version of the mechanism compiles the chemrealctions, the transport parameters, and

the thermodynamic parameters into one file, which can be edited through note++ or other
equivalent software if necessary. To access the reaction mechanism files in Cantera through
MATLAB, it is also necessary to stall a compatible version of Pyth¢h88]. For this study,

Cantera version 2.5.1, Python version 3.9, and both MATLAB 2019 and MATLAB 2021 were
utilized as different machines were used. It is assumed there is no difference in results between

two different versions of MATLAB since the same tolerances were utilized.

In summary, the governing ODEs were translated to a MATLAB code and solved waithethies
function. Simultaneously, the reaction mechanism was imported into MATLAB by utilizing the
appropriate syntax specific to Cantera. Following this, the combined combustion model was set
up to simulate the experimental settings showitable 21. Since the focus of the study is to

observe the ID behavior at various FIT settings, the simulations were run between IVC and 20°
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After Top Dead CenterATDC). As seen inrable21, the maximum ID period observed during
experiments was about 20°©A (CA); therefore, concluding the simulation at 20° ATDC would
provide sufficient time for ignition. In addition to 1.5M, the model was also run for 0.5 and 1.0
N-m load conditions for both fuels. Due to the similarities in the result trends, the input values and

the results obtained are not presented here; howinese results will be provided upon request.

Table 21: FIT and flow measurements at corresponding experimental settings used as

input to the model.

Fuel CK . Load FIT Air massflow | Fuel masslow | Experimental
mechanism| (N-m) | (°BTDC) rate (g/s) rate (g/s) ID (° CA)
12.0 6.320 0.078 12.2
15.0 6.312 0.079 12.0
20.0 6.300 0.083 12.2
BD MD [174] 15 25.0 6.254 0.086 11.6
30.0 6.243 0.088 10.4
35.0 6.261 0.087 20.0
12.5 6.259 0.083 12.2
ULSD 15.0 6.283 0.076 12.2
20.0 6.281 0.078 12.2
uLsb w[rlrgg?te 1> 250 6.247 0.084 12.0
30.0 6.193 0.085 15.0
35.0 6.276 0.086 20.0

5.4 1Initial Settings

Firstly, the initial mass fractions afitrogen(N2) and (O) are set to 0.77¢f ) and 0.23 ® )

respectively at IVCYivc). Subsequently, the mass flow rate efi©computed from the mass flow

rate of air ¢ ) into the engine obtained by experimental data for a given set point:

a a @ (56)

151



The details of the instrumentation used to measure the mass flow rates of air and fuel, and the in

cylinder pressure is discussed in detail in Chapter 2. Similarly, the mass flow ratis obkained
by:
G G p ® (57)
Following this, the experimentally measureetilinder pressure at IVQP(c) was set as a known
initial pressureTable22). Digressing briefly, an Hmouse built €D heat release model developed
by Mattson et al. was used to compute theyiiinder temperature which is presented in Chapters
2 through 4[114]. This estinated temperature at IVUi( was set as the initial temperature for
the model at the corresponding FIT settingsile22). Subsequently, the gas pesties are fixed
for the selected reaction mechanism by using
the thermochemical properties such as density, enthalpy, internal energy, heat capacity, mean
molecular weight, and universal gas constaiormation is extracted from the reaction mechanism
at the definedPi, Tive, andYivc. As discussed in the model calibration section;Tii@nd the heat

transfer coefficienhc were calibrated to match the experimental and the computed moded result

of the incylinder pressure and temperature.

As stated earlier, the control volume is a closed system except during fuel injection. Therefore, the
experimentally measured fuel flow rates are converted into flow rates per thermodynamic cycle.
The resultig a1 into the combustion chamber for all settings include@ahle21is as shown in
Figure35. Thus,the fuel mass flow rate profile for the correspondipgrating condition is fed as

the input to the model. After setting the gas properties and defining the fuel mass flow rate profile,

the ODEs are solved for the required parameters. Overall, the flow of information and the
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computation of various thermodymé& parameters in the combustion model is showfigpire

36.
Table 22 Experimental in-cylinder pressure temperature data atVC.
Fel | CK | Load | RIT et prossura
mechanism | (N-m) | (* BTDC) | \yc' (1) K] | IVC (Pu) [bar]
12.0 401.849 1.270
15.0 374.770 1.434
20.0 358.637 1.454
BD MD 1.
° 25.0 373.488 1.339
30.0 393.337 1.424
35.0 394.469 1.491
12.5 360.019 1.349
15.0 387.678 1.469
ULSD 20.0 406.914 1.430
uLSb surrogate 15 25.0 372.220 1.433
30.0 382.854 1.319
35.0 398.194 1.356
5x10° — — 5x10° T ——
| Fuel | Load [N-m]| | BD| 15120 | Fuel | Load [N-m]|| ULSD| 15125
| FIT [°BTDC] === BD | 1.5 | 15.0 | FIT [°BTDC] == JLSD | 1.5 15.0
; ; ; = =BD|1.5]20.0 ; ; ; ; = = ULSD|1.5]20.0
7 4x10° e 1 QAx10T U bed|
%’ | | ‘ ‘ %‘ -‘ — UL‘SD | 1.;‘| 25.0
APPPY N S O T (- T
o ' . : i i : o
5 o
n g 6 04 6
= 2x10 -4 =z 2x10
S 5
LL L
§ 1x20° | b kcaoan Lo B . é 1x10°
0 i 0
-40 - 25 20 -15 -10 -5 0 -40 -35 -30 -

(@) Crank Angle [° BTDC] (b) Crank Angle [° BTDC]

Figure 35. Mass flow rate of fuel vs. CA position at 1.5 Nn for (a) BD and (b) ULSD at

various FIT settings.
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Figure 36: Block diagram representing the flow of information in the canbustion model

5.4 Results and Discussion

The initial model results using the default valuesliad, Pivc, and Yivc (Table 22) are shown in

Figure 37 (dashed green line) for thedodecane reaction mechanisiithen @mparing the
obtained model results with the experimental data (black lifiégire 37) it is evident that the

model is overpredicting the-eylinder pressurdfgure37a) and temperatur&igure37b). Hence,

the convective heat transfer coefficidnt(Equation(42)) and the initial temperaturé.. were
gradually modified to lower the 4aylinder pressure and temperature values and match the
experimental results. Of note, the defdulvalue is 3.2. Imprtantly, calibration offi.c andhc for

the entire thermodynamic cycle, i.e., between IVC and EVO is a substantially complex process as
the reaction mechanism selected will have a significant impact on the thermodynamic parameters
in the combustion chambeost fuel injection. Thus, the calibration would vary for each reaction
mechanism and operating setting. Therefore, the focus of the calibration process was to ensure that
the model results matched experimental pressure and temperature data betweehthé(aint

of fuel injection. In addition to the earlier stated reason, this criterion was selected because the
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control volume is a closed system between IVC and the point of fuel injection. Hence, the only
reactive species inside the combustion chardbeng his period are Nand Q whose initial mass

fractions are known.

Importantly, the duration required to run the combustion model between IVC and the time of fuel
injection was around 80 to 90 minutes with either MD or ULSD surrogate kinetic modekbscfo
operating setting due to the extensive set of reactions and species in the detailed mechanism.
Calibrating theTic andhc for each FIT setting for both fuels using the detailed model would be an
extremely timeconsuming process. Therefore, a rekiy simpler reaction mechanism of n
dodecane (©He) defined for alkanes was selected. Tkdodecane reduced reaction mechanism
described by Kukkadapu et al. consists of 100 species and 432 redqt86n490] The n

dodecane mechanism was used only for the calibration mroces

As seen irFigure37a andrigure37b, using the calibrateldt andTivc values, the model results are
compaable to the experimental results in the region of interestbeaveen IVC and point of fuel
injection. It was found that th&.c has a larger impact on the profile of the temperature and its
peak value compared ke. The initial condition used fdhe temperature has a bigger effect on its
final profile and the peak value. In additievhenobserving Equatiof48) it is noticeable thalc
would have a comparatively smaller impact on the temperature results ob@irtbeé other hand,
the pressure profile remained relatively unchanged with slight changes ih:laotthTic values.
This suggests that the density and universal gas cotetanrstin Equatio49) enable the pressure

to remain stable even with changing temperatures.
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Figure 37: Comparison of (a) incylinder pressure and (b) temperature vs. CA position,
before and after calibration ofhc and Tic at 1.5 Nm and 12.5 ° BTDC FIT with n-dodecane

CK mechanism.

On the other hand, following fuel injection, the calibrated model results and experimental data of
both incylinder temperature and pressure deviate. Firstly, a fuel injection model that would
capture the fuel spray characteristics followed by the atomization and evaporation behavior will
enable an improvement in the prediction of theyhinder pressure and temperature profiles.
However, this is beyond the scope of the current study. In addttie "dodecane mechanism

used in this studj189] was developed by combing two nalkane[180, 191]Jmechanisms, and

one nheptane mechanisrfil92]. These individual mechanisms use literature results from
JSR/ST/flow reactor experiments to validate the predicted reaction rate constants. The details of
these literature exgiments and their operating conditions used to validate -tilkame and n
heptane mechanisms are shownTable 23. Importantly the JSR/ST/flow rezors are less

dynamic compared to Cl engines. In addition, theyilinder pressure at the time of fuel injection
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and the equivalence ratio)(for the Cl experiments conducted with the siagénder engine is
presented iTable23. Here, the ircylinder pressure at the time of fuel injection is betweed@.2
bar.However, the literature experiments utilize a relatively lower operating pressure. Furthermore,
the equivaténce ratio used during the engine trials for all FIT settings has an equivalence ratio
lower than 0.2, which is less than the equivalence ratio used in JSR/ST/flow reactor experiments.
Overall, the incylinder pressure at the time of injection is marginhigher and the equivalence

ratio is lower than the experimental conditions used by the literature JSR/ST/flow reactor setups.
Thus, the reaction rate constants presented in-tilkame and fheptane mechanisms that are
subsequently used in thedodecae mechanism are not validated for the operating pressures and
equivalence ratios utilized in the current modeli{le24). Thus, the comparatively less dynamic
natureof the literature experiments and the differences in the operating conditions yield reaction
rate constants with marginal errors. Thus, these discrepancies cause deviations in the predicted in

cylinder pressure and temperature trends compared to exp&imesults as seen kgure37.

In addition to the kinetics, the instantaneous volume of the cylinder has a noticeable impact on the
in-cylinder tamperature Due to the nature of the compression and expansion process and the
resulting changes in the cylinder volume temperature continues to increase until TDC
irrespective of the conclusion of combusti@imilarly, the incylinder temperature bats to

decline after TDGndependent of the conclusion of combustion.
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Table 23: Experimental details used to validate the reaction rates for+alkane and n
heptane mechanisms that are combined by Kukkadapu et al. and develop thedodecane

reaction mechanism[189].

n-alkane mechanisifi91l] n-alkane mechanisfi80]
Experimental Temperature (K) | Experimentall Temperature (K) |
setup Pressure (bar)] -) ( setup Pressure (bar)]| -) (
The[rlrgg]'ys's 623893 | 1| NA [183] 640:960 | 1620 | 1.0
JSR[194] 7731073 | 1| NA JSR[180] | 5001200 |10]|0R.0
ST[123] 840-1300 | 13 | 0.0 ST[180] | 631-1327|20|048.5
ST[195] 8001300 |80|04.0
Flow reactor
[196] 10191200 | 313 ] 1.62.0
JSR[197] 7501150 | 1640 | 1.62.0

n-heptang192]

Experimental Temperature (K) |
setup Pressure (bar)| -) (
ST[192] 7261412 | 1538 | 1.0
JSR[192] 5001100 | 1| ®-4.0

Table 24: Experimental in-cylinder pressure and equivalence ratio data with BD and

ULSD as the fuel at 1.5 Nm.

Experimental data with B[ Experimental data with ULSL
FIT Pressure | Equivalence Pressure | Equivalence
[°BTDC] | atFIT [bar] ratio [-] at FIT [bar] ratio [-]
12.5 39.90 0.154 41.41 0.167
15.0 35.19 0.166 35.45 0.160
20.0 27.52 0.174 27.51 0.165
25.0 21.03 0.182 21.41 0.177
30.0 16.22 0.184 16.31 0.181
35.0 12.57 0.186 12.66 0.181

Returning to the calibration of thwec andTivc, following a similar methodology, the values for the

convective heat transfer coefficient and the temperature at IVC were computed for the remaining
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FIT settings using the-dodecae reaction mechanism as shownTiable 25 Importantly, the
defaulthc value given by Hohenberg is 3.288]. Comparing the constants presented atle

25, the calibratedhc values are approximately 6 times greater than the default value suggested by
Hohenberg. Similar discrepancies between the calibhgeat default values are presented in the
literature. For instance, Morel and Keribar found that the computed convéetatetransfer
coefficient averaged over the combustion surface area was about 2.6 times greater than the default
comparative correlation proposed by Anngh@é9]. In addition, Karamangil and Surmen found

that as the compression ratio of the engine was increased from 7:1 to 10:1, the convective heat
transfer coefficient rose by about 1.6 tini280]. Therefore, considering the compression ratio of

the engine utilized in this study is significantly high (21itlis reasonable for the calibratbglto

be about 6 times greater than the default value suggested by Hohenberg.

Table 25: Calibrated values ofTivc and h for all FIT settings with the n-dodecane kinetic

mechanism

Fuel CK Load FIT Calibrated]  Calibrated
mechanism| (N-m) | (° BTDC) | Tic[K] he [W/m?-K]

12.0 345.0 20.5

15.0 365.0 20.5

20.0 365.0 20.5

BD MD L5 25.0 360.0 20.5
30.0 360.0 20.5

35.0 365.0 20.5

12.5 347.5 19.5

15.0 345.0 19.5

ULSD 20.0 342.5 19.5

ULSDT qirrogate | 1° 25.0 370.0 19.5
30.0 370.0 19.5

35.0 370.0 19.5

The comparison of the Experimental Pressure (EP) data using ULSD as the fuel with the Model

Pressure (MP) results obtained for all FIT settings with Humdecane CK mechanism are
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presented inFigure 38a and Figure 38b. Similarly, Figure 38c and Figure 38d depict the
comparison of Experimental Temperature (ET) data with the Model TemperaturedMilis.

The combustion model predictions of theciylinder pressure and temperature profiles are
reasonable. In addition, thedmodel results are also able to match the peak experimental pressure
and temperature values. Overall, the calibrated condrustiodel results show reasonable
agreement with the experimental data; hence, concluding the validation process. Off note, the
calibrated value of the convective heat transfer coeffidiemtas set to the default value of 3.2

post fuel injection.

Subsegantly, using the same calibrated valuehoénd Tivc (Table25) the combustion model

with the detailed MD reaction mechanisms was run and compared with the experimental results
obtained with BD as the fuel at various FIT settings. As seEigure39, the calibrated constants

still reasonably predict the 4eylinder pressure and temperature for the MD CK mechanism.
Similar results were obtained withe ULSD surrogate mechanism, and the model results showed
reasonable agreement with the experimental data obtained with ULSD as thegiured40). This

is not surprising as the only reactive species between IVC and the point of injecticraateNR
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Figure 38: Comparison of experimental and calibrated model results of (a) and (b) in

cylinder pressure, and (c) and (d) ircylinder temperature vs. CA position for various FIT

settings at 1.5 Nm with n-dodecane reaction mechanism.
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Figure 39: Comparison of experimental and calibrated model results of (a) and (b) in

cylinder pressure, and (c) and (d) ircylinder temperature vs. CA position for various FIT

162



50 ‘ ‘ ‘ ‘ ‘ ‘ 25 ‘ ‘ ‘
ULSD | 1.5| EMP i i i ULSD|1.5]|25.0 | EP
== ULSD | 1.5| 12.5| EP ! ! : == ULSD | 1.5] 25.0 | MP

= = ULSD | 15|12.5 | MP — = ULSD|1.5|30.0 | EP
----- ULSD | 1.5|15.0 | EP ; : : =====ULSD | 15]30.0 | MP ; : :
40 H....n ULSD [1.5[15.0 | MP | 1 T 7 20 Hauees ULSD | 1.5 | 35.0 | EP [ i oo -

= == ULSD|1.5]20.0 | EP = = ULSD|1.5]35.0| MP

Fuel | Load [N-m] |

15 | FTCETOG DR

Fuel | Load [N-m] | ; ; |
30 | FIT BTDC] | Data 7

In-cylinder Pressure [bar]
In-cylinder Pressure [bar]

0 0 1 1 1 1 1 1
-140 -120 -100 -80 -60 -40 -20 O -140 -120 -100 -80 -60 -40 -20 O
@) Crank Angle [°PBTDC] (b) Crank Angle [°PBTDC]

900 : : : : : : 750 : : :

ULSD | 1.5|125|ET : : : ULSD | 1.5|25.0 | ET
=— ULSD | 1.5|12.5 | MT ; ; ; =— ULSD | 1.5|25.0 | MT

==ULSD|L5|150|ET | | i i 700 H == ULSD|1.5]30.0 | ET [ i i i .
800 Hf ===-- ULSD | 1.5 [ 15.0 [ MT |-oirmsmesompeneeeee e I ULSD | 1.5|30.0 | MT : : :

----- ULSD | 1.5 |20.0 | ET
= === ULSD|1.5]20.0 | MT

----- ULSD | 1.5 35.0 | ET
650 H = == uULSD|1.5|35.0 | MT

Fuel | Load [N-m] |

700 | Fuel | Load [N-m] |

| FIT "BTDC] | Data 600

In-cylinder Temperature [K]
In-cylinder Temperature [K]

600 B ss0
500
500 (- e e S R —
400 _..gB¥
; ‘ : : : : 400
el : : : : ‘ : : : : :
300 N S N SR N 350 N S N SR N
-140 -120 -100 -80 -60 -40 -20 O -140 -120 -100 -80 -60 -40 -20 O
© Crank Angle [°PBTDC] @ Crank Angle [°PBTDC]

Figure 40. Comparison of experimental and calibrated model results of (a) and (bh-
cylinder pressure, and (c) and (d) ircylinder temperature vs. CA position for various FIT

settings at 1.5 Nm with ULSD surrogate reaction mechanism.

5.4.10-D Model Results with MD Reaction Mechanism

Concerning theD model results using the MD reext mechanism post fuel injectiofigure41

shows the comparison of MP results and the EP data with BD as the fuel atriLférill FIT
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settings. The EP results show a distinct spike in the pressure separating from the Experimental
Motor Pressure (EMP) indicating the SOC. Moreover, the SOC timing gradually moves into the
compression stroke as the FIT is advanced. However, the MP sepanatgnfrom the EMP

begins at the point of injection. This indicates the increase in pressure associated with the mass
and energy immediatelgdded to the combustion chamber. Nevertheless, the model captures the

trend of increasing peak pressure as theig-Bdvanced.

As the FIT is advancedhe amount of fuel required to maintain the set engine load condition
gradually rises; hencanincline in the peak pressuigobserved. For the first set of FIT settings
(Figure 41a), the peak cylinder pressure of the model is comparable to the experimental peak
pressures. However, for fuel injected at 30.0° and 35.0° BTHXli(e41b), the discrepancies in

the predicted peak pressure are marginally higher. As seen from the EP results, the peak pressure
of the 35.0° BTDC setting is marginally lower comparech#® 320.0° injection event. Since SOC
occurs relatively early for the 35.0° event,rthés moretime available for heat transfer losses
resulting in the lower pressure observed. Therefore, it appears that the model is underpredicting
the heat transfer losséhrough convection for the 30.0° and 35.0° FIT settings. As stated earlier,
thehc value is set to its default value of 3.2 after fuel injection. Hence, there is a need to calibrate
the hc value post fuel injection. However, this was not performed fiergtudy and is suggested

to be an important consideration for the future.

Irrespective of the FIT, the peak pressure for the model results occurs near TDC. As mentioned
earlier, this could be due to the influence of the instantaneous volume of thescyimdhe
pressure results. The-aylinder temperature results presented-igure 42 largely follow the
pressure trends. The MT gradually increases for each fuel injection advancement reflecting the

corresponding rise in the amount of fuel injected. Additionally, the rate of increase in the MT
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begins at the point of fuel injection duettee added fuel massd energyMoreover, the peak
temperature results are comparable to the ET values for all FIT settings except for the 35.0° BTDC

injection event.
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Figure 41. Experimental and model incylinder pressure vs. CA position for 1.5 Nm

biodiesel with MD reaction mechanism.
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Figure 42: Experimental and model in-cylinder temperature vs. CA position for1.5 Nm

biodiesel with MD reaction mechanism.

Concerning the discrepancies in the trends of the pressure and temperature predicteelby the 0
model, as discussed earlier, utilizing a model that captures the fuel penetration behavior could aid
in enhancinghe accuracy of the model results. Moreover, similar to tHedecane mechanism,

the MD reaction mechanism was developed by Herbinet §&l] by combining the reaction
mechanisms proposed for isatang201], n-heptandg202], and methyl butanoaf&67]. Variable
Pressure Flow Reactors (VPFR), JSR, RCM, and ST experimental data were utilized to validate
the reaction rates of these mechanisms. The operating conditions utilized fopehenerts are
presented iTable26. There is a noticeable difference in the pressure and equivalence ratio values
used in the VPFR/JSR/RCM/ST expermecompared to the Cl engine trial results presented in
Table26Table24. As discussed earlier, these discrepancies in the reaction rates utilized in the MD
mechanism due to the differences in the operating conditions could impactthiader pressure
results predicted by the model. In addition, the experirhgressure data is collected at a

resolution of 0.2° CA. However, the model was set to compute the ODESs at a resolution of 1° CA
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to reduce the computation time. Therefore, setting a model to compute results at a higher resolution
could also improve the agracy of the results. It is important to note that the average run time of
the model at a resolution of 1° CA for each FIT setting with MD mechanism averaged around 150
200 hours. The computation time varied depending on the computer configuration leneltbé

convergence for a given set of input data.

ID is defined as the time between the start of injection and SOC. Generally, ID is calculated using
the second derivative of4eylinder pressure measurements in Cl engjihe$14, 155] As stated

prior, this was the method used to compute the experimental ID results presented in this study.
Alternatively, the time history data of OH olited during the combustion of hydrocarbons is
typically used to compute ID in numerical CK studjg4, 203] This is inspired by thelase
correlation between OH profiles and SOC time observed in experimental ST f£88(t203]
Importantly, two peaks of OH mole fractions are observed during the combustion of hydrocarbons
[178, 204] The first peak characterizes the qageition reactions followed by the second peak
representing the main ignition evdaZ4]. For ST studiesPang et al. defined ID as the period
between the passing of the reflected shock wave through the fuel, aka time zero, and the initial rise
in the OH concentration observgd04]. Similarly, Lin et al. used the period between time zero
and the maximum rate of increase in OH concentration to comp(iE®8D While this definition

of ID varies slightly in the literature, generally, numerical CK studies use the OH time history
predictions to compute IDL74, 191, 203, 204]Hence, a similar method was employed in the
current study to compute ID trends using OH time history daigure 43a shows the @
combustion model results with the MD reaction mechanism of BhenGle fractions time history

obtained for a select few FIT settings.
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Table 26: Experimental details used to validate the reaction rates for isoctane, nheptane,

and methyl butanoate mechanisms that were combined tyerbinet et al. to develop the

MD reaction mechanism (A: Silica vessel with an electric furnace).

[

iso-octane mechanisif201] n-heptane mechanisfa02]
Experimental Temperature (K) | | Experimental| Temperature (K) |
setup Pressur e) setup Pressur e)
F'O"E’degcwrs 1080(1]1.0 | VPFR[206] | 550850|12.5]1.0
VPFR[206] 600850 | 12.5] 1.0 JSR[207] | 5501150 |10]|04.5
VPFR[208] 945|6|0.05 ST[209] 12001700| 34| 1.0
JSR[207] 5501150 | 10 | 0-&.5 ST[210] 13002000 | | 0.54.0
ST[209] 12001700 | 34| 1.0 | RCM[211] 355|1.2|1.0
ST[212] 9501300 | 13 | 0.0
methyl butanoate mechanig&67]
Experimental Temperature (K) |
setup Pressur e) |
A [213] 700550(1.4]1.0
A [214] 653|1.3|1.0
6 " Aw ® (©
15x 10 ‘ 1.0x 10 ;
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select few FITs and (b) 35.0° BTDC injection event.

Figure 43: 0-D model results of OH mole fractions vs. CA position at 1.5 for (a) a
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The model successfully predicts two peaks of the OH mole fractions. The conclusion of the first
peak of OH mole fractions is denoted as (AJigure43b. Additionally, (C) represents the CA
position of the second peak of OH mole fractions, and (B) represents the average between points
(A) and (C). In the current study, the time duration between FIT and the CA position represented
by point (B) is used tdefine the ID period. Comparing the method used by Lin et al. and Pang et
al. with the method employed in this study, the point (B) can be considered as the time instant

where the OH mole fractions begin to rise rap{@§3, 204]

The ID results of the experiments conducted on the styileder engine using BD as the fuel is
shown inFigure44a. As the FIT is advanced, the temperature at the time of fuel injection gradually
decreases; hence, lowering the reactivity of ghistem. However, the ID of the experimental
results remains relatively unchanged for FIT advancements between 12.0° and 25.0° BTDC. This
is assumed due to the high compression ratio of the engine that enables the temperature and
pressures at the time ofjéction to be high enough for the nearly instantaneous atomization,
evaporation, and ignition of the injected fuel. Interestingly, the ID for the 30.0° BTDC event
marginally decreases. This represents the NTC behavior of BD where the reactivity ofdhe syst
increases even with the declining temperatures. This behavior is observed only in a small
temperature window that is unique for the type of fuel used and the operating conditions such as
equivalence ratio and pressure. Further lowering the temperatusescan increase in the ID as

seen for the 35.0° BTDC event.

The corresponding ID results of thed0model with the MD reaction mechanism are also shown
in Figure44a. Unlike the experimental ID trends, the ID gradually increases between 12.0° and
25.0° BTDC FIT events. While there is a drop in the temperature at the time of fuel injection, the

predicted ID for the 25.0° and the 30.0° events are cabfgmrMoreover, the ID increases on
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further advancing the FIT to 35.0° BTDC; hence, mimicking the experimental trends. The
dependence of ID on the operating temperature can be better visuakzgdre¥4b. Initially, as

the temperature increases, a steep decline in the ID is observed for the experimental and model ID
results. However, in the window between about-880 K, increasing the temperaturas no
significant impact on the ID. Increasing the temperature further results in a lower ID due to the
elevated reactivity of the system. While the overall trend appears similar to the experimental data,
not enough information is provided in Figure 10bdefinitively state that the NTC regime was

predicted by the model.
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Figure 44: Experimental and model results of (a) ID vs. FIT and (b) ID vs. Temperature for

BD.

As stated earlier, the MD reaction mechanism utilized intberiodel was developed by Herbinet
et al.[174]. The ID results presented by Herbinet et al. at tifferént pressure conditions are
shown inFigure45a (p = 40 bar) anBigure45b (p = 20 bar) represented by the red open squares.

These ID trends were used to compare their results with ST experimental data obtained by Pfahl
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et al.[123]. Importantly, the method utikedd to compute the ID by Herbinet et al. is not discussed.

In addition, the assumptions employed in the ID calculations validated for ST experimental results
are not presented by Herbinet et[aR3]. For both the operating pressures showRigure45a

and Figure 45b, as the system temperature decreases, i.e., increasing 1000/T(K), the literature
model ID results gradually rise suggesting the reduction in the reactivity. However, in the NTC
temperature wmdow, there is a distinct decline in the ID trend as the temperature lowers.
Subsequently, further decreasing the operating temperature results in a gradual rise in the ID
indicating the departure from the NTC window. The NTC 1000/T(K) window is apprtedyna
between 1.0 and 1.1 for an operating pressure of 40Fpuré45a). However, this 1000/T(K)
window slightly shifts to about 1.1 to 1.2 for the-Rfér case Kigure 45b). This indicates the
dependency of ID and subsequently the NTC temperature window on the operating pressure.
Importantly, it has been shown that the rate ottian branching reactions is comparatively more

at higher operating pressur§s28, 129] Similarly, it has been shown that increasing the
equivalence ratio of the mixture leadsatéower ID. Additionally, the NTC temperature window

shifts marginally based on the equivalence ratio sef#ig, 202].

Moving forward, a comparison of thel® model results with the literature ID data presented by
Herbinet et al. is shown iRigure45a (p = 40 bar) andrigure45b (p = 20 bar)The ID trends
obtained with the {D model in the 1000/T(K) window between 1.2 and 1.6 are comparable to the
literature trends. As the 1000/TYKncreases, i.e., decreasing temperature at the time of fuel
injection, the ID gradually rises due to the lower reactivity of the system. Additionally, the model
appears unable to capture the distinct kink in the ID that represents the NTC region.idsedent

earlier, the model simulations were run at a resolution of 1° CA. Lowering the resolution to 0.5°
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or 0.2° CA could enable the model to capture the NTC behavior; however, this could significantly

increase the run time from days into weeks.
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Figure 45.: Comparison of model results and literature data presented in Herbinet et al. of

ID vs. 1000/T(K) [174].

Additionally, the pressure for the conventional FIT setting is about 41Tladtg24) which is
comparable to the operating pressure of the literature results preBantez45a. However the
pressure gradually declines for advanced FIT settings. In addition, the equivalence ratio used in
the literature data was 1.0, which is significantly higher thas ttedues used in the current model.

It is well known that ID is lower at higher egaience ratios; hencdD is considered to be
inversely proportional to the equivalence ratio in numerical CK st{ti?ds 126, 215]Therefore,

the predictedD values presented frigure45a andFigure45b are expected to be higheaththe
literature model results. However, as stated by Herbinet et al., there were uncertainties in the

kinetic parameters used in the mechanism for the decomposition of OH compounds in-the low
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temperature part of the mechanifiii4]. As discussed earlier, ID is computed using the OH mole
fraction results in the current study. Hence, the discrepancies in the ID values presented in the
literature and the -® model rasults obtained could be due to the uncertainties in the kinetic
parameters related to OH decomposition used in the MD reaction mechanism. In addition, the
differences in the assumptions and calibration used by Herbinet et al. compared to those used in

this study could also lead to these dissimilarities.

5.4.20-D Model Results with ULSD Surrogate Reaction Mechanism

Moving forward, the comparison of the EP data collected on the stglyteler engine with ULSD

as the fuel and the-D results of the MP witlthe ULSD surrogate reaction mechanism is shown

in Figure46for all the FIT settingsonsideredAdditionally, the ET and MT results are presented

in Figure47. The trends of EP and MP results are similar to the BD results discussed earlier.
Briefly, as the FIT is advanced the CA position where the EP separates away from the EMP occurs
earlier in the compression stroke. This suggests that the B is moving further into the
compression stroke for each injection advancement. For the same reason, the peak EP and ET
occur earlier in the compression stroke for advanced FIT events. In addition, the magnitude of the
peak pressure and peak tempeegugradually rise between 12.5° and 30.0° BTDC injection
events due to the excess fuel added to ensure the set load condition is achieved. However, the peak
EP and ET for the 35.0° BTDC are marginally lower than the 30.0° due to the excess time available

for heat transfer losses.
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Figure 46. Experimental and model in-cylinder pressure vs. CA position for 1.5 Nm biodiesel with

ULSD surrogate reaction mechanism.

The incylinder pressw and temperature results with the ULSD surrogate mechanism have
comparable trends to the MD mechanism model results. Briefly, the MP separates away from the
EMP at the point of fuel injection suggesting that the increase in pressure observed is due to the
addition of fuel, and not due to SOC. The peak values of the MP and MT are comparable to the
EP and ET respectively for 12.and 15.0° BTDC injection events. However, the model peak
pressure and temperatures are relatively higher than the experimeakalppmssure and
temperature for the remaining FIT events. In addition, unlike the experinremids the predicted

peak MP and MT timing occur close to TDC for all FIT events.
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Figure 47: Experimental and model in-cylinder temperature vs. CA position for 1.5 Nm ULSD

with ULSD surrogate reaction mechanism.

As discussed earlier, these discrepancies in the predicted pressure and temperature trends could be

addressd by:

1 Including a fuel injection model that captures the fuel spray characteristics and captures

the fuel atomization and evaporation processes.

1 Expanding the model to analyze energy in higher dimensions.

In addition to the D model, the reaction meahiam utilized also has a noticeable impact on the
MP and MT trends. In this avenue, the reaction mechanism for the ULSD surrogate utilized in the
current study was developed by combining the reaction mechanisrdooiencang180] and n
xylene[181] by Pei et al[179]. RCM, JSR, and ST experimental results were utilized to validate
these individual models. The operating conditions of these experiments are descTilgdan

[180, 181] Compared to the RCM/JSRST settings, the operating pressures used-ih riinede|

as shown inrable24 are relatively higher. Additionally, the equivalence ratio used in the model
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is lower compared to the experiments used to validate the reaction mechanism. Hence, these
differences introduce discrepancies in the reaction rates used which in turn affects the predicted

pressure and temperature trends.

Table 27: Experimental details used to validate the reaction rates for4lodecane and rxylene that

were combined by Pei et al[179] to develop the ULSD surrogate reaction mechanism.

n-dodecanenechanisnj180] m-xylenemechanisnj181]
Experimental Temperature (K) | | Experimental Temperature (K) |
setup Pressur e) ( setup Pressure) (H
RCM[183] 640960 | 1620 | 1.0 ST[186] 12101480 | 22550 | 1.85.0
JSR[216] 9001200 | 110]0.34.0 | ST[182] 600-900 | 1419 ] 1.0
JSR[217] 8001350 | 10 0.52.0 JSR[184] 9001300 |1|04.5

Moving forward, the ID was computed using the same method as described earlier using the OH
time history trends obta@d with the ULSD surrogate reaction mechanisfaigyre 48).
Importantly, the model was able to capture two distinct OH peaks that are observed during the
combustion of hydrocarbof$78,204] The compari son of the experim
() vs. FIT, and ID vs. temperature at the time of fuel injection are presenkéguire49a and
Figure49, respectively. As the FIT is advancede incylinder temperature at the time of fuel
injection gradually declines; hence, lowering the reactivity of the system. However, as the FIT is
advanced between 12.5° and 20.0° BTDC, the experimental ID results remain relatively
unchanged. This is due the high compression ratio of the engine that provides an environment
favorable for instantaneous evaporation and ignitibmere is a marginal decline in the ID
observed for the 25.0° FIT event suggesting NTC behavior. The ID gradually increase¢bem fur
advancing the FIT beyond 25.0° BTDC. Unlike the experimental results, the predicted 1D
gradually increases for the first set of FIT advancements between 12.5° and 20.0° BTDC.

Therefore, the D model is unable to capture the dynamiaytinder behawr that assists in
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maintaining a relatively constant ID for these events. The ID for the 30.0° BTDC event is slightly
less than the 25.0° FIT event. In addition, the predicted ID gradually increases for earlier injection
events mimicking the experimentakmnd. Therefore, the data presented-igure 49 does not

warrant stating that NTC behavior was predicted by the model.

-6
3.5x10 ‘ ‘ \
i i ULSD | 1.5]12.5
i i =— ULSD | 15]15.0
3.0x10°% L 1 T A— — —ULSD|1.5]200 ]
: P e ULSD | 1.5 25.0

- s s 'Fuel | Load [N-m]| |
25 X107 M o | |FT[BTDC]

20x10°% L

1.5x10° |

OH Mole Fractions [-]

1.0x10°% | i

5.0x 107

0.0
-30 -20 -10 0 10 20

(b) Crank Angle [° BTDC]

Figure 48. 0-D model OH mole fractions vs. CA position at 1.5 Mn for ULSD surrogate reaction

mechanisms.

The ULSD surrogate reaction mechanism utilized in #i® @odel was developed by Pei et al.
[179]. Hence, the literature ID trends presshby Pei et al. are compared with th® Gnodel

results as shown igure50. An operating pressure of 2@r and an equivalence ratio of 0.5 were
used in this liteature study. The ID gradually decreases with increasing 1000/T(K), suggesting a
reduction in the reactivity of the system. Subsequently, the ID declines between approximately 1.0
and 1.2 suggesting NTC behavior. Further decreasing the temperature iresldtgated ID.
Importantly, the key reactions that cause NTC behavior in intermediate temperatures are explained

in Chapter 2.
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Figure 49: Experimental and model results of (a) IDvs. FIT and (b) ID vs. temperature for ULSD.

Literature 1000K/T [-]
0.6 0.8 1.0 1.2 1.4 1.6

35 ; ; 35
‘ ‘ O
3.0 JW ,,,,,,,,,,,,,,,,,,,, 3.0
H
T .-t itwha J2s
‘ ‘ ‘ | o
A b -0 2.0

Ignition Delay [ms]

15 15

[sw] Aejag uomub| ainyelsan

1.0 1.0
05 | | | | 05
0.6 0.8 1 1.2 14 1.6

1000K/T [-]

Figure 50: ID vs. 1000K/T comparison of model results and literature data presented in Pei et al.

for ULSD surrogate mechanism[179].

Compared to the literature study, the settings used in-thaer@del have a marginally higher
pressure for FIT points between 12.5° and 25.0° BTDC, and a relatively lower equivalence ratio
(Table24). The ID trends of the-® model are comparable to the literature trendsgure50. As

mentioned arlier, there is not sufficient information to state that the model captured the NTC
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behavior. However, the magnitude of the ID predicted byDerfbdel is in reasonable agreement
with the literature data. The marginal differences could be due to gimil#s operating pressure
and equivalence ratio used in the model compared to the literature study. The influence of the

pressure and equivalence ratio on the ID was discussed earlier.
Quantfying the quality of predicted data

The percentage differenbetween the predicted-sylinder temperature, pressure, and ID values
with the MD reaction mechanism compared to the experimental data obtained with BD is presented
in Table 28 With respect to irtylinder temperature, the predicted peak values havesa &ito

with the experimental data for most FIT events except for thé BI.DC injection eventHere,
calibrating the heat transfer coefficient post fuel injection would assist in further reducing the
percentage difference between the experimental anlicprd peak values. On the other hand, the
in-cylinder pressure percentage difference parameter has a noticeable trend. Similar to
temperature, the predictedaylinder pressure has a closer fit with the experimental for FIT events
between 12.0and 25.0 BTDC. However, these predicted parameters deviate significantly for
earlier injection events. Thus, a comparatively more rigorous calibration process is potentially
necessary for earlier FIT events to improve the quality of the predicted models. Cand¢Brnin

the predicted values have a relatively poor fit with the experimental data for most FIT settings
considered. In particular, there is a significant deviation in the predicted ID for FIT events between
20.C° and 30.0 BTDC. Importantly, experimental tlasuggested that NTC behavior was observed

for these fuel injection events. Therefore, the predicted ID has a comparatively higher error as the

model is unable to capture the NTC.
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Table 28 Comparison ofthe percentagedifference between experimental and model peak in

cylinder temperature and pressure, and ID value$or BD.

Peak Incylinder Temperature Peak Incylinder Pressure
FIT | Experimental Model | % Difference| Experimental| Model | % Difference
12 982.7 930.0 5.4 60.6| 60.7 -0.1
15 1030.0f 9734 5.5 64.9| 67.8 -4.5
20 1090.0] 1004.1 7.9 70.2] 71.0 -1.2
25 1140.0f 1101.9 3.3 722 744 -3.1
30 1190.0f 1315.2 -10.5 73.7] 91.7 -24.4
35 1170.0] 1198.5 -2.4 724 873 -20.6

Ignition Delay [° CA]
FIT | Experimental Model | % Difference

12 12.2 9.5 22.1
15 12.0 11.0 8.3
20 12.2 17.0 -39.3
25 11.6 20.0 -12.4
30 104 20.0 -92.3
35 20.0 25.0 -25.0

Similarly, the percentage difference in the predicted peak tempenatassure, and ID with the

ULSD surrogate mechanism compared to the experimental data with ULSD are pres€atde in

29. The predicted peak presswaed temperatureesults for the FIT events 12.8nd 15.0BTDC

are in reasonable agreement with the experimental data. However, similar to the earlier case, the
model underpredicts the heat transfer for earlier FIT events resulting in a poor fit of the predicted
results with experimental dafBhus, the calibran of the heat transfer coefficient is more critical

for the FIT events before 20.BTDC to improve the accuracy of the predicted temperature results.
With respect ID, there is no clear trend observed in the percentage difference of predicted values
vs. experimental data. Additionally, the quality of the ID results is relatively poor for all FIT

settings including points where NTC was observ€&lerall, as discussed earlier, calibration of
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the heat transfer coefficient post fuel injection, including &l fojection model, and utilizing
reaction mechanisms validated with realistic experimental conditions would improve the accuracy
of the model predictiongAdditionally, one of the importantnodelassumptionss stated earlier
considers that the air fuelixture is homogeneous and prepared for ignition at the point of fuel
injection. Therefore, setting the experimentally found ignition timing as the point of fuel injection

in the model would also assist in reducing the percentage error of the prediclisd resu

Table 29: Comparison ofthe percentage difference between experimental and model peak in

cylinder temperature and pressure, and ID value$or ULSD.

Peak Incylinder Temperature Peak Incylinder Temperature
FIT | Experimental Model | % Difference | Experimental Model | % Difference
12.5 1010.0] 981.9 2.8 62.1| 66.9 -7.6
15.0 1010.0f 954.4 5.5 67.6| 72.0 -6.5
20.0 1070.0{ 1188.0 -11.0 74.7| 845 -13.1
25.0 1160.0| 1377.4 -18.7 73.2] 94.7 -29.4
30.0 1190.0| 1685.0 -41.6 73.5| 107.1 -45.7
35.0 1170.0{ 1673.9 -43.1 73.3] 109.4 -49.2

Ignition Delay [° CA]
FIT | Experimental Model | % Difference

12.5 12.2] 140 -14.8
15.0 12.2| 145 -18.9
20.0 122 155 -27.0
25.0 12.0| 15.0 -25.0
30.0 15.0/ 18.5 -23.3
35.0 20.0f 25.0 -25.0

5.5Conclusion

A first-of-its-kind combustion model was developed where engine geometry and conservation
laws were used as the governing equations. Since the focus was to study the NTC behavior of
ULSD and oxygenated fuels in the PPCI regime, the system was assume@@o Bee model

results were compared with the experimentally recorded data atrh.pidsented in Chapters 2
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to 4. The operating conditions such as pressure at the time of fuel injection, the mass flow rate of
air and fuel, injection timing, and engineaetry details were fed as known initial values for the
corresponding FIT settings. Subsequently, appropriate detailed reaction mechanisms that can
capture low temperature kinetics were selected for BD and ULSD. Here, the reaction mechanism
of MD developé as a surrogate for oxygenated fuels by Herbinet et al. was selected to compare
the model results with the experimental data obtained using BD as tH& #agISimilarly, the

ULSD surrogate reaction mechanism presented by Pei et al. was used to compderibdd)

results with the engine testing data collected with ULSD as th¢lfr@).

The temperature at the time of fuel injectidivd] and the convective heat transfer coefficient

was calbrated such that the predictedaylinder pressure and temperature results between IVC
and the point of fuel injection were in reasonable agreement with the experimental data. Following
the validation process, the model results for all the FIT settirygrsim Table24 were collected

and compared with the experimental results. The model was able to capture the peak combustion
pressure and temperature values for fogdation events between 12/02.5 and15.0° BTDC
reasonablyfor both BD and ULSD surrogate reaction mechanisms. However, the model
underpredicts the heat transfer losses for earlier injection exelisionally, the 6D model peak
pressure and temperature occurred close to TDC due to the nature of their dependiuecy o
instantaneous cylinder volume. Importantlthe predicted ID trends with both reaction
mechanisms were in fair agreement with the experimental redoligever the modelesults did

not appear tocaptureNTC behavior for both reaction mechanismi® improve the model
predictions, a fuelnjection model that can robustly capture thesl spray behavior, and the
subsequent atomization and vaporization processes are suggestedith a greater crank angle

fidelity. In addition,further improvement ithe calibration process is necessary for advanced FIT

182



settings with both reaction mechanisms to address the underpredictions of the heat transfer rate
Nevertheless, while operating in the conventional FIT setting, the current model could be utilized
for ID evaluations at higher load conditions with appropriate calibration. Furtherrigge
possibility of utilizing the model to estimate combustion emissions can be explored. Finally,
reaction mechanisms that are validated using comparable experimenttibogralich as pressure

and equivalence ratio could further aid in reducing the discrepancies in the predicted results.
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Chapter 6: Conclusion

Utilizing a combination of high Compression Ratio (CR) with a Direct Injection (DI) fuel system,
high thermal efficiencies are obtained through Compression Ignition (Cl) combustion compared
to spark ignition combustion. However, the inherent nature of the nitrogen oxidg @@
particulate matter (PM) emissions tradeoff hinders these advantages ofri@sehgportantly, it

is a significant engineering challenge to meet the future emission nandsaddressing the
difficulties associated with alleviating the N®M tradeoff is a crucial step. In this avenue, low
temperature combustion via Partially Peed Charge Compression Ignition (PPCI) combustion
hasthe potential to simultaneously reduce nitrogen oxidesx(N@d particulate matter (PM)
emissiong218]. In addition, the combustion and thermal efficiencies achieved in the PPCI regime
are comparable to convermial combustion. PPCI is characterized by the instantaneous ignition
of a relatively homogenous dimel mixture. To achieve afuel mixtures that are more
homogeneous compared to the conventional combustion charge, it is necessary to extend the
Ignition Delay (ID) period. Advancing the Fuel Injection Timing (FIT) is a popular method used
to increase the duration of ID. Previously, ulima sulfur diesel (ULSD) was used as the fuel
while attempting to achieve PPCI through the FIT advancement stfaiedyp8] However, there

was limited success in achieving PPCI. Therefore, a comprehensive literature survey was
performed initially comparing the various methods used to achieve PPCI combustion. A
combination of FIT variations in conjunction with an Exhaust Gas Recirculation (EGR) system
was selected as the strategy to achieve PPCI. Additionally, utilizing biodiesel (BD) as the fuel
could further aid in reducing undesired exhaust emissions. Mordgiveran be synthesized using
renewable sources and has the potential to replace conventiora@nsevable ULSD. Hence, an

exhaustive set of engine experiments were conducted to analyze the advantages and restrictions of
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these strategies using BD and UL&®the fuel. Ircylinder pressure data in conjunction with inlet

fuel and air mass flow data were collected during experiments. Additionally, intake and exhaust
gas temperature and pressure data were recorded at various points. Furthermore, exhauast emissi
and smoke data were collected at each operating setting. Finally,-reousa built zero
dimensional (€D) heat release model was employed to compute thermodynamic information such

as incylinder temperature, Rate of Heat Release (ROHR), ID, and $Wa@ti

Initially, PPCI was attempted through FIT variations alone with BD extracted from waste cooking
oil as the fuel. Here, the FWiasvaried from 12.0° to 35.0° BTDC in steps of 2.Bfiportantly,

the conventional FIT used to attain maximum brekgque for BD and ULSD is 12°@&nd 12.8

BTDC respectively. The primary goal was to compare the performance and emission
characteristics of BD and ULSD during FIT sweep experiments. Following are the general trends

obtained for the engine trials conducteith BD as the fuel:

a. As the FIT was advanced, the peakcylinder pressure and temperature timing move
gradually into the compression stroke indicating an early Start of Combustion (SOC).

b. Additionally, the amount of fuel required to maintain the segiree load gradually
increases as the FIT is advanced. This results in elevated pegknoer pressure,
temperature, and ROHR at advanced FIT settings.

c. Contrary to expectation, ID remained relatively unchanged for the first few advanced FIT
settings. his is due to the higher CR of the engine used. Furthermore, a gradual decline in
ID was observed between 22.5° and 30.0° BTDC injection timings due to the NTC
behavior of BD. Finally, the ID rises marginally for FIT events earlier than 30.0° BTDC.
As a result, in-cylinder pressure, temperature, and ROHR decline marginally for these early

injection events due to the excess time available for heat transfer losses.
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d. Concerning emissions, a gradual incline inN@d a decline in PM, CO, and THC were
observedor FIT events 12.0° and 27.5° BTDC. This is due to the elevateglimder
temperature observed for these settings. As the FIT was further advanced opposite trends
of lowering NQ and rising PM, CO, and THC emissions were observed. This is due to a
greaer level of fuel wall wetting and subsequent drop in the combustion and thermal

efficiency recorded for injections earlier than 27.5° BTDC.

Comparing the BD results with the previously reported ULSD data, the combustion performance
and emission trends acemparable. The amount of BD consumed to achieve the set load level is
marginally higher compared to ULSD due to its lower energy content at all the FIT settings
considered. For the same reason, the pealylinder pressure, temperature, and ROHR are
comparatively lower for BD. On the other hand, ULSD has a slightly extended ID at all set points
due to its lower CN compared to BD. Finally, the )N®M, CO, and THC were generally higher

for ULSD combustion. The elevated-éylinder temperature recorded witdLSD has a
dominating effect on the higher N@bserved with ULSD. Conversely, the excess@ntained

in BD has a bigger impact on the lower PM, CO, and THC emissions obtained. Overall, like the
ULSD results, there was limited success in alleviating\i®e-PM tradeoff using FIT variations

alone with BD used as the fuel.

Therefore, EGR was used in conjunction with FIT variations while attempting to achieve PPCI
using ULSD and BD as the fuel. Based on the results obtained from the experiments discussed
earlier, 12.5°/12.0°, 15.0°, 20.0°, 25.0°, and 30.0° BTDC were selected as the FIT settings for
ULSD and BD. In addition, a maximum EGR rate of 25% was achievable at therf.foad
condition. Hence, 7% and 14% were used as the intermittent EGR sdttingsfixed EGR rate,

the combustion performance and emission trends obtained with FIT variations were comparable
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to the neEGR case for both ULSD and BD used as the fuel. On the other hand, EGR had the

following effectsat comparable FIT settings

a.

Increasing the rate of EGR used resulted in a gradual incline ingiineadence ratiaused.
Specifically, the equivalence ratio for the 25% EGR case was about 57% higher than the
no-EGR case. Since the maximum equivalence ratio utilized was about 0.26filned air
mixture is relatively lean.

As the EGR rate increased, the peakcyhnder emperature, pressure, and ROHR
marginally decreased. This is due to the excess availability of carbon dioxide and water
vapor at high EGR rates that act as a diluent anaceethe reactivity of the charge.

Contrary to expectation, thB declined slightly at higher rates of EGR suggesting that the
hot residual gasses assisted in reducing the physical delay period. Moreover, the high CR
of the engine appears to have a dotiiggeffect on ID compared to EGR.

Concerning emissions, the simultaneous reduction in &@ PM were obtained with
increasing EGR at most of the FIT settings. Therefore, PPCI was achieved using a
combination of EGR and FIT variations. The high tempeeatof the residual gas assist

in forming a relatively homogeneous -filel mixture. The combustion of this mixture
results in a comparatively uniform distribution of temperature that assists with the
reduction of NQ emissions. Additionally, the use ofroparatively homogeneous mixtures

ensures that the low PM, CO, and THC emissions are formed at high rates of EGR.

In addition,ULSD and BD had comparable combustion performammemission trends in the

presence of EGR. The peak combustion performan@eneders were comparatively higher for

ULSD due to the elevated energy content of ULSD. Additionallyy,NlMM, CO, and THC were

generally higher for ULSD for reasons noted earliéaus the simultaneous reduction of Nénd
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PM emissions waachieved for both ULSD and BD at high rates of EGR and intermittent FIT

settings

Following the experimental study fiest-of-its-kind 0-D combustion model was developed using
engine geometry and conservatiaws The focus of the study was to simulatanbustion and
compare the obtained experimental results with BD and ULSD using fundamental governing
equations. Hencgeappropriate detailed reaction mechanisms were selected to represent the
combustion kinetics of BD and ULSD respectively. For this, tegitkd reaction mechanism
defined for methyl decanoate (MD) was selected to compare the experimental results obtained
with BD as the fue]174]. Similarly, a detded ULSD surrogate reaction mechanism was selected

to compare the ULSD experimental det@9]. The experimental data such as pressure at the time

of Inlet Valve Closing (IVC) and mass flow rate of air and fuel at various FIT settings were fed as
known initial conditions to the model. Thedi set of results suggested that thB thodel was
underpredicting the heat transfer losses. Therefore, the convective heat transfer coefficient and
the temperature at IVC were calibrated. The calibrat&drodel ircylinder temperature and
pressure radts were in reasonable agreement with the experimental data between IVC and the

point of fuel injection; hence, validating the model.

Concerning the performance parameters, titerodel was able to reasonably predict the peak
in-cylinder temperature angressure for 123012.5 and 15.0 BTDC injection events with both

MD and ULSD surrogate reaction mechanisms. However, the peak pressure and temperature are
relatively higher for earlier FIT settings suggesting that the model is {pneldicting the heat
transfer losses. Additionally, the@ model peak pressure and temperature timing occurred close

to TDC for all FIT settings suggesting their dependency on the instantaneous volume of the

cylinder. Importantly, the computed model ID results were comgle to the experimental
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data of both BD and ULSD. In addition, the predicted ID was in reasonable agreement with
literature kinetic models that utilized the same MD and ULSD surrogate reaction mechanisms
respectively. However, there is insufficient infaton in the predicted ID trends to decisively

state that the model captured the NTC behavior of BD or ULSD.

Overall, incorporating a fuel injection model that captures the fuel spray pattern, and the
subsequent atomization and evaporation process ciould iamproving the accuracy of the model
results. Additionally, further calibration of the@® model for earlier FIT settings could also
address the predicted peakaylinder temperature and pressure discrepancies. Finally, utilizing
kinetic parameterdat are calibrated under conditions similar to the engine experimental settings

could aid in reducing the predicted performance inconsistencies.
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Appendix

Appendix Table 1: Yanmar single cylinder engine specifications.

Manufacturer and model

Yanmar L1000V

Engine Intake

Naturally Aspirated

Fuel Intake Type DI

Cycle 4-Stroke

Number of Cylinders 1

Number of Valves per Cylinder 1 Intake, 1 Exhaust

Bore [mm] 86

Stroke [mm] 75

Displacement [L] 0.435

CRI[] 21.2

FIT [° BTDC] 12.5 (ULSD) and 12.0BD)

Intermittent Rated Output at 3600 ry
[hp]

9.1

Rated Speed [rpm] 3600
Clearance Volume [f 2.16B10°
Connecting Rod Length [m] 0.188
Inlet Valve Closing [° ATDC] 122
Exhaust Valve Opening [° BTDC] 144
Fuellnjection Pressure [MPa] 47 + 2
Number of Injectors 1

Injector Holes 6
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Appendix Figure 1: Block diagram of the test cell setup.
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Appendix Figure 2: (a) IMEP and (b) netindicated work vs. FIT at 0.5, 1.0, and 1.5 Nin

load.
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Appendix Figure 3: (a) In-cylinder pressure, (b) incylinder temperature, and (c)ROHR
vs. crank angle, and (d) exhaust temperature vs. FIT at 0.5-M engine torque for FIT

from 12.0° to 22.5° BTDC with BD.
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Appendix Figure 4: (a) In-cylinder pressure, (b) incylinder temperature, (c) ROHR vs.

crank angle, and (d) exhaust temperature vs. FIT at 0.5 ¥ engine torque for FIT from

22.5° to 35.0° BTDC with BD.
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Appendix Figure 5: (a) In-cylinder pressure, (b) incylinder temperature, and (c)ROHR

vs. crank angle at 1.0 Nm engine torque for FIT from 12.0° to 22.5° BTDC with BD.
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Appendix Figure 6: (a) In-cylinder pressure, (b) incylinder temperature, and (c)
ROHR vs. crank angle at 1.0 Nm engine torque for FIT from 22.5° to 35.0° BTDC

with BD.
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Appendix Figure 7: (a) Nitrogen oxides, FSN, andPM, and (b) CO and THC emissions at

0.5 N'm load for various FITs with BD.
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Appendix Figure 8: (a) Nitrogen oxides, FSN, andPM, and (b) CO and THC

emissions at 1.0 Nm load for various FITs.
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Appendix Figure 9: (a) BSFC and (b) thermal efficiency vs FIT for WCOBD.
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Appendix Figure 10: (a) BSFC and (b) Engine torque vs. FIT at 0.5 Nn load condition for

1500

all EGR rateswith ULSD.
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